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1.0  INTRODUCTION 


This  final  technical  report  In  submitted  in  compliance  with  contract  date 
requirements  list  (CDRL)  sequence  number  6,  I®  frrtn  1423,  contract  No.  P0461I- 
77-C-0017,  "Hot  Ball  and  Socket  TVC",. 


. ;e  scope  of  work  covered  fcy  the  above  contract  Included  four  pleases  an 
follows: 


Phase  I 

Phase  n 

HI 

1 IV 


- Program  Plan  and  Nozzle  Design 

- Ff.bri  cation  and  Testing 

- Nozzle  Redesign  and  Supporting  Efforts 

-•  Fabrication  and  Testing*  Second  7-in.  Nozzle 


The  basic  program  consisted  of  chases  I and  II.  The  primary  objective  of 
he  basic  two-phase  technical  effort  was  to  demonstrate  the  capability  of  a hot 
■ill  and  socket  (BBS)  thrust  vector  control  (TVC)  system  to  perform  to  the 
i-.  quireoents  typical  of  the  MX  first  stage  nozzle  {1,400  paia  for  60  sec  with  a 
9C  solids/21$  aluminum  (Al)  hydroxyl- terminated  polybutadiene  (HTPB)  type 
pro .ellant).  The  first  phase  5 -volved  the  design  and  analysis  of  a 7-in. 
throat  diameter  (Dj. ) HB?>  nozzle  TVC  system.  The  second  phase  encompassed  the 
fabrication  and  static  tost  firing  at  the  Air  Force  Rocket  Propulsion  Laboratory 
(AFliPL)  of  one  nozzle  and  TVC  system. 


Phase."  Ill  and  IV  were  later  added  to  the  basic  program  following  the  exit 
rone  failure  experienced  during  test  firing  of  the  first  7-in,  Dj.  nozzle.  The 
primary  objective  of  the  add-on  effort  was  to  correct  the  problems  encountered 
during  the  first  test  end  demonstrate  successful  operation  of  the  7~ir.  Dt  MBS 
under  conditions  representative  of  advanced  upper-stage  applications, 
approximately  7S0  paia  fur  ?:>  sec  with  a propellant  of  moderate  erosiveneaa . 


Phase  III  covered  modi f 1 cation  of  the  design  of  phase  I,  analysis  of  the 
modified  design,  laboratory  test  f ng  am)  subset le  firing  to  support  the  redes! g; 
effort. . Phase  ] V included  fabrtoat  lor»  of  the  second  7-in,  I'n  noa*-J.e  material 
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property  testing,  nozzle  bench  testing,  static  firing  at  AFAPL  and,  subsequent 
post test  tt.naJ.ya.ia. 

The  period  of  performance  for  phases  I and  II  covered  from  Hsaroh  1977 
through  November  1979-  The  first  nozzle  was  static  teat  fired  8 February  1979. 
Phases  III  and  IV  covered  the  period  April  1980  through  January  1982.  The 
second  nozzle  was  static  fired  20  November  1981. 

Prior  to  testing  the  first  7-in.  D^.  nozzle,  Chemical  Systems  Division  (CSD) 
experience  with  the  HQF>  TVC  nozzle  consisted  of  two  completely  successful  firing 
demonstrations  of  2- in.  Dt  nozzles.  The  first,  developed  under  Independent 
Research  and  Development  (IR4P)  funding  and  tested  May  1978  at  APRPL, 
demonstrated  single  plane  vectoring  of  *8  dog  at  an  average  pressure  of  85-  pain 
for  11  see.  The  second,  tested  at  CSD  in  August  1978  under  Saval  Surface 
Weapons  Center  (N3WC)  contract  Mo.  N60921-7T-C-0240,  suooesafully  demons tra tod 
15  deg  ownlaxia.1  vector  oa nobility  at  an  average  pressure  of  1,000  psia  for  23 
sec.  These  two  tests  were  successful  in  all  res poets. 

A major  scale-up  effort  was  under  taken  in  true  program  reported  herein.  The 
challenging  degree  of  se&leup  can  be  seen  In  Figure  1 which  compares  the  ?-in. 

Dt  ball  tested  in  1978  witn  the  7-in,.  Dfc  ball  tested  under  this  program.  The 
first  7 -in.  l)t  nozzle  had  a throat  area  over  12  times  larger,  a tost  \ 'assure 
35%  higher  with  a more  severe  propellant  and  was  tested  on  a motor  with  50  times 
the  propellant  might  than  that  associated  with  the  WSWC  nozzle,  the  largest 
tested  to  that,  date. 
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2.0  SUMMARY 


The  static  test  of  the  first  full-scale  (7-in»  D^)  hot.  ball  and  socket  (BBS) 
thrust  vector  control  (TVC)  system  was  planned  to  demonstrate  the  integrity  of 
the  nozzle  system  under  conditions  representative  of  the  MX  first,  stage  and  to 
acquire  data  to  define  the  TVC  performance  aider  those  conditions.  The  static 
test  was  conducted  on  the  Short  Length  Sup^r  HIPPO  (SLSH)  motor  at  test  pad 
1-52A  of  the  Rocket  Propulsion  Laboratory,  Edwards  Air  Force  Base,  California. 

The  propellant  was  Chemical  Systems  Division's  (CSD)  UTP-I8B03A,  a 90%  solids, 

21%  aluminum  hydroxyl- terminated  polybutadiere  (HTPB)  formulation.  The  measured 
average  pressure  was  1,355  pain,  and  the  duration  was  iO  sec. 

The  ay a tern  performed  aa  tanned  up  to  10  sec  when  gas  leakage  appeared  at 
the  threaded  Interface  between  the  ball  extension  and  the  exit  cone  at  an  azi- 
muth of  about  100  deg.  Between  10  and  15  sec  the  leakage  plume  grew  in  size  and 
aft  toward  the  actuator  attach  ring.  A second  leakage  plume  at  about  60  deg  was 
observed  beginning  at  13.9  sec. 

At  16.9  sec  Lite  leak  at  the  100  deg  azimuth  quickly  opened  up  aft  to  the 
compliance  ring.  At  i?.3  see  the  nozzle  began  moving  as  programmed  from  8 cleg 
back  toward  null,  but.  stalled  at  a 7.5  deg  vector  angle.  Tine  ball  remained 
intact  at  this  angle  throughout  the  remainder  of  the  60  sec  propellant  burn. 

At  18.6  sac  an  additional  leakage  plume  was  seen  at  the  330  deg  azimuth.  A 
flash  was  observed  at  about  190  deg,  and  the  apparent  crack  at  60  dag  opened 
greatly.  At  18. 7 aw.  the  exit  none  broke  up  and  was  extruded  through  the  steel 
actuator  attach  ring  and  ejected.  The  actuator  attach  ring  was  ejected  at 
19.9  sec. 

Kssenti ally  nil  of  the  ejected  nozzle  components  were  recovered.  The 
nozzle  was  reconstructed  to  assess  the  failure,  end  contour  mea;  ired  to  deter- 
mine material  erosion.  The  ballistic  throat  erosion  rate  was  11.0  mils/sec. 

Key  recovered  components  were  forwarded  to  Southern  Research  institute  (f.oHl } 
and  Atlantic  Research  Corporation  (ARC)  for  further  anslyrla. 

14 


Upon  nozzle  disassembly  and  posttest  analysis,  the  socket  was  found  to  be 
cracked.  The  crack  in  the  aooket  may  have  been  related  to  th®  loss  of  the  exit 
cone  and  actuators.  The  loss  of  the  contribution  of  the  exit  to  thrust  and  the 
loss  of  the  forward  actuator  hiss  load  (pull-only  actuators)  nearly  tripled  the 
bearing  load  on  the  socket. 

The  following  significant  problems  were  observed  in  the  teat  and  posttest 
analysis : 

m Thread  leakage,  exit  breakup,  and  ball  extension  loss 

* Excessive  forward  splitline  erosion 

• Aluminum  oxide-deposition  leading  to  TVC  system  stall 

® Cracked  socket. 

The  following  was  accomplished  in  the  test  of  nozzle  S/N  1: 

• Demonstration  of  survival  of  the  ball  and  socket  at  an  average 
pressure  of  1,355  psia  for  the  entire  planned  60  sec  duration 

» Successful  vectoring  through  16  deg  of  travel  for  the  first  17. 3 sec, 
Including  deflection  to  the  planned  maximum  angle  of  8 deg 

# Command  to  position  accuracy  of  better  than  0.1  deg. 

The  design  of  nozzle  S/N  1 was  modified  for  nozzle  S/N  2 to  correct  the 
problems  Identified  in  the  first  test.  Laboratory  scale  testing  and  a subscale 
verification  firing  were  conducted  to  evaluate  the  modifications  planned  for 
nozzle  S/N  2.  The  design  mod  if 1 oat Ions  Included  an  Improved  exit  cone  and 
Joint,  a sacrificial  entrance  extension,  carbon-carbon  (C-C)  surface  treatment 
and  a car bon- phenolic  lockring  as  a replacement  for  the  C-C 

The  static  test  of  nozzle  S/N  2 was  conducted  on  the  SLSH  motor  at  the  Air 
Force  Rocket  Propulsion  Laboratory  (AFRPL)  under  conditions  representative  of 
advanced  upper  stage  applications.  The  propellant  was  CSD'a  UTP-19687,  a 90$ 
solids,  '0$  aluminum  (HTPB)  type  with  12%  oyclotetraraethylene  tefcranitrami  ne 
(KMX),  ‘ue  measured  average  pressure  over  the  75  see  duration  was  688  psia. 
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The  nozzle  experienced  severe  annular  flow  around  the  ball  for  5 sec  after 
igTiltlcn.  The  flow  resulted  from  the  inability  of  the  ball  to  instantaneously 
translate  0.'}0-in.  from  the  forward  looki  ing  to  the  socket  due  to  the  Inability 
of  the  pull-only  actuators  to  instantaneously  backflow  hydraulio  fluid  and  allow 
motion.  The  actuators  held  the  ball  off  the  socket  until  the  actuator  cylinders 
bled  drx*n,  at  which  point  the  ball  sealed  on  the  socket.  Aluminum  oxide  deposi- 
tion from  Wiio  temporary  flow  was  extensive  on  the  ball,  socket  and  lookring 
surfaces,  and  led  to  nozzle  stall  after  the  first  vector  event. 

Upon  posttest  disassembly  the  oomponents  were  found  to  be  in  excellent 
condition  considering  the  unexpectedly  severe  conditions  to  which  they  were 
subjected.  In  fact,  the  socket,  exit  cone,  metallic  structures,  and  actuation 
hardware  are  virtually  reusable. 

The  problems  associated  with  nozzle  S/N  2 are  summarized  as  follows: 

« Tiie  actuation  system  was  unable  to  instantaneously  relieve  hydraulic 
fluid  from  the  actuator  cylinders,  and  prevented  the  ball  from  trans- 
lating 0.30-in.  and  sealing  on  the  socket  for  about  5 sec 

® During  nearly  5 sec  of  annular  flow  around  the  ball,  aluminum  oxide 
liberally  plated  on  the  ball,  socket,  and  lockring 

w The  aluminum  oxide  solifled  after  one  successful  vector  event, 
stalling  the  system. 

Significant  accomplishments  recognized  include: 

• Demonstration  of  the  capability  of  a large  (7-ln.  ) KBS  nozzle  to 

survive  the  thermal/structural  environment  associated  with  advanced 
upper  stage  conditions 

• Demonstration  of  the  tenacity  of  3D  C-C  as  evidenced  by  survival  in  an 
unexpectedly  adverse  environment,  during  the  5-sec  of  annular  flow 
around  the  bal 1 , and  under  subsequent  stall  forces  experienced  during 
tiie  remaining  planned  duration 

• Demonstration  of  a large  C-C  ball  and  socket  to  provide  a non- leaking 
Interface  once  seated. 
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Demonstration  of  the  effect! veneas  of  the  aaorifiolal  entrance  to 
reduce  entrance  and  splitiine  erosion. 

Acquisition  of  significant  data  and  experience  to  enable  lnoopporatt 
of  improvements  in  C-€  materials  and  subsequent  HBS  TVC  designs. 
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3.0  NOZZLE  S/N  1 CONFIGURATION 

The  first  7-in.  nozzle  conformed  to  Chemical  Systems  Division  (CSD) 
drawing  C13 179—01—01 , "Static  Test  Assembly  - Hot  Ball  and  Socket.  8 Deg.  TVC 
Capability".  Physical  characteristics  of  the  nozzle  assembly  depicted  in  Figure 
2 included  an  overall  length  of  -'19  in.  and  a diameter  of  40  in.  at  the  interface 
with  the  Short  Length  Sup er  Hippo  (SLSH)  teat  motor.  The  initial  throat  diame- 
ter was  7 in.,  and  the  exit  plane  diameter  was  26  in.,  providing  an  initial 
expansion  ratio  of  13. B. 


The  bail /integral  throat  and  entrance  (ITE) , socket , lockring  (forward 
socket)  and  exit  cone  were  all  3D  carbon-carbon  (C-C).  The  billets  from  which 
these  components  were  machined  were  fabricated  by  Fiber  Materials,  Inc.  (FM1) 
with  Union  Carbide  T-300  fiber.  The  bull  t ’eform  design  (Figure  3)  was  modeled 
to  the  7 in.  billets,  fabricated  by  FMI  for  the  AFWAL./ML  7-in.  MAKTECH  program® , 
except  that  reinforcement  spacing  was  reduced  to  0.080  in.  at  the  throat. 


Figure  2.  flnt  Ball  arid  .‘locket  Nozzle  otul  TVC  Configuration 
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The  socket  preform  included  both  the-  sock at  and  lockring*  The  socket 
preform  design  (Figure  >'.)  reflected  an  attempt  to  Increase  the  axial  elvar-out 
capability  of  the  finished  parts*  A 15  deg  f rostra  design  wes  used  to  wisxblo 
the  axial  fiber  bundles  t.o  contribute  to  the  axial  plane  shear  strength, 

Weaving  wie  socket,  ore  form  as  a frustra  required  m increase  in  the  number  of 
axial  am  radial  bundles  as  the  diameter  increased  to  prevent  the  axial  and 
radial  voiiume  fractions  from  decreasing  from  the  forward  to  aft  end. 

The  exit  cone  preform  design  (Figure  5)  contained  a 110-40-20  axial,  circum- 
ferential and  radial  volume  fraction  distribution.  The  exit  acne  design 
required  a step  at  about  nid-length  to  accommodate  a shear  lip  for  the  actuation 
compliance  ring.  In  addition  to  increasing  the  quantity  of  axial  and  radial 
yarn  bundles  as  the  diameter  increased,  the  axial  bundles  were  tapered  to  pro- 
vide a more  uniform  volume  fraction  distribution.  This  preform  presented  a 
major  challenge  to  3D  weaving  technology  in  that  It  is  the  largest  3D  C-C 
frustra  ever  fabricated,  and  many  of  the  innovations  to  provide  a uniform  part 
had  never  been  attempted  on  any  previous  part. 


Socket  components 


Geometry  compensation 

• iapered  axial  yarns 

• Quantity  of  axial  and  ,adi<.i 
yarns  increased  from  forward 
to  afi  sections 

• Axials  woven  at  1 5 dag  cone 
halt  angle 


lieiiiton.omrn!  giopti 


c 

H~ 

l 


[ i 


i i JL . 

tlM'itftfif  •.»(■!«;  Uys 


- 1 





*»■*  -t..  s.;l  nataj.'it  i 


-•n-nnsr. 


i«W^|JJ.!JI 


>»#»«»''“ 


Construction  details 

• Spicing 

S„  = 0.10/0.15 
Sc  = 0.125 
SRC  =:  0 65 

Nominal  volunw  tractions 

VI, | = 20% 

V(c  = <0% 

V'A  = 40% 


Geometry  compensation 

w Tapered  axial  yarns 
woven  at  cone 

• Quantity  o!  axial 
and  radial  yarns 
Increased  with 
increasing  diameter 

* Foiward  integral 
flange  section 
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All  billets  were  denial  fled  using  FMI's  5 Jcsl  pressure-impregnation - 
carbonizatton  (PIC)  process-  The  imp regnant  used  during  densification  of  the 
ball  arid  socket  billets  was  allied  15V  coal  tar  pitch.  The  socket  and  lockring 
were  subsequently  machined  from  one  billet.  The  final  density  of  the  ball  and 
sock*  t billets  was  1 .9  gm/ce.  Ashland  A240  petroleum  pitch  was  used  for  the  den- 
sin  cation  of  the  exit  cone.  A summary  of  fcne  densification  process  for  each 
btlle*  Is  sutrauat  I zed  in  Table  t. 

The  exit  cone  also  presented  a major'  challenge  In  densification  because  of 
Its  size  and  shape.  The  first  two  low-pressure  oyoles  were  each  followed  by 
graph  1 tization.  During  the  Initial  cycle  a problem  developed.  The  oone  buckled 
loct.  liy  In  t hree  locations  ai  the  large  diameter . Laok  of  proper  frame  support 
during  the  iritis!  carbonization  apparently  caused  these  buckles.  During 
subsequent  processing  the  buckles , or  undulations,  reduce  In  severity,  out  the 
final  mac  hi  ned  part  at  1 1 1 oxh  t bi  ted  wrinkles  . Following  the  l.wo  low  •re.ss..,rr 
cy-ie.«,  *.» ,»  M 11  ci  wan  sub  jeoted  to  two  S ks  1 PIC  cycles , bringing  the  density 
i t , t > 1 „ gurro.  A*  tr  la  point  low  pressure  lisp  regnal,  ton  and  atmosphar  l c 
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TABLE  i. 

DENS IFI CATION  PROCESS  SUMMARY,  N0Z7.L 

E S/N  1 BILLETS 

Throat 

Socket 


Pitch 

Impregnant 

Low  Pressure 
Impregnation 
and  Carboni- 
zation Cycles 

15V 

1 

15V 

1 

A240 

2 

Resin  Graph!  tizf.t. Ion 

Cycles  I Cycles 


5,000 

5,000 

5,000 


■ PIC  = pressure  impregnation  and  carbonization 
t For  PIC  cyles 


carbonization  with  resin  was  incorporated  to  increase  the  density  to  1.7  gu/cc . 
After  final  machining,  the  ball  and  socket  were  CVD  .infiltrated  with  pyrolytic 
graphite. 


Figure  6 depicts  the  final  machined  toll,  socket  and  lockring.  Figure  7 
shows  the  exit  cone  as  part  of  the  nozzle  assembly  with  the  actuators  attached 
to  the  compliance  ring.  The  lockring  exhibited  in  Figure  6 was  not  used  in  the 
static  test  assembly  since  It  Failed  In  bench  testing..  The  lockring  failure  and 
subsequent  recovery  are  discussed  in  section  4.1. 


Tire  actuation  system  consisted  of  four  pul  1 - forward-only  hydraulic  actua- 
tors installed  t>et. ween  the  nozzle  adapter  ring  «nd  exit  ■"•one  compliance  ring. 
Opposing  pairs  of  actuators  were  controlled  try  .»  •<;  .,eh  ami  yaw  servovn * ve  that 
responded  to  commands  uri  gt  natlng  In  a duty  cycle  generator  arid  processed  try  an 
electronic  control  unit,  completing  tin*  el  osetl-  loop  control..  One  potanti  omet.er 
instal led  In  each  actuator  provided  nozzle  position  feedback.  In  the  pull  only 
confl  flurat.i  on  the  nozzle  blowoff  load  is  reduced  by  the  airount  of  the  pull  ’.trad 
of  the  actual  ors,  resulting  in  reduced  hearing  loads  and  torque..  The  actuator 
assembly  configuration  Is  presented  In  Figure  B . 


The  oo z?  I e/SI*SH  rautoi  adapter  and  oornpl  i.i'icd  r fnv  w>  :■  made  of  4 {40  and 
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Figure  6.  Final  Machined  Bal 
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Figure  11.  Lockring  Failure  which  Uccurred  during  Bench  Testing, 

Nozzle  S/N  1 
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The  design  modification  implemented  for  the  forward  end  of  the  nozzle  is 
presented  in  Figure  12.  The  socket  find  phenolic  ring  on  the  outside  diameter 
(OB)  were  left  bonded  in  the  adapter  ring,  but  machined  back  to  the  "equator", 
which  removed  the  damaged  portion  of  the  socket.  The  lockring  and  grafoil  were 
repl  aeed  with  a ring  from  a 7-in.  MMANTECHM-type  billet  made  of  HM  fiber,  wound 
by  Haveg  and  denslfled  at  Fiber  Materials,  Inc.  (FHI).  Threads  were  eliminated 
and  a steel  ring  and  insulators  were  added  to  give  more  rigid  support  in  both 
radial  and  axial  (forward)  directions.  Bearing  area  of  the  lockring  was 
subatanti al ly  increased. 

Upon  completion  of  the  design  modification  the  nozzle  was  again  mated  to 
the  bench  t e.  b fixture.  The  nozzle  was  successfully  subjected  to  the  full  for- 
ward actuator  load  of  J6,000  lid'.  Attempts  to  pressurize  the  plugged  nozzle  and 
vector  at.  a blowoff  load  equivalent  to  1,900  psl  motor  chamber  pressure  were 
unsnoeessfu! . leakage  of  GWF»  through  the  rro  1 d 1)  0-C  prevented  ful  l pressuri- 
za  l.l  on.  The  hi  gh  permcal)  l .1 1 1 y <>*'  JD  C-C  at  room  t.emperature  is  well  known , 
however  ( i \ approaches  zero  ,»(  about.  . (»(!(!' ''•  , ■«>  leakage  durlrg  fioing  i a neg)  f - 
■\  l hi  c . Tire  problem  was  ore  id*  far  i 1 I t.y  I Imi  tat  1 ops . "'he  ii>  C-(.‘  surfaces  were 


Figure  1 ^ . Planned  Statio  Firing  Duty  Cycle,  Nozzle  S/N  1 
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Two  minutes  before  ignition  the  nozzle  was  vectored  8 deg  in  the  pitch  and 
yaw  axes  to  verify  the  readiness  of  the  system.  The  nozzle/TVC  system  responded 
as  expected.  Upon  ignition,  the  system  performed  as  planned  up  to  10  sec. 
Between  5.3  and  9.3  sec  the  nozzle  successfully  executed  a 1-1/2  deg  vectoring 
sequence  with  torque  levels  as  expected,  at  id.O  sec  gas  leakage  was  observed 
at  the  threaded  interface  between  the  ball  extension  and  the  exit  corn?  at  an 
azimuth  of  about  100  deg.  The  downward  angle  of  the  leakage  plume  (back  toward 
the  motor),  as  shown  in  Figure  15  suggests  the  leak  followed  the  threaded 
boundary  between  the  exit  and  the  ball  extension.  Between  10  and  15  sec  the 
leakage  plume  grew  in  size  and  aft  toward  the  actuator  attach  .ring,  A second 
leakage  plume,  at  about  60  deg,  was  observed  beginning  at  13*9  see. 

At  15  sec  the  nozzle  began  vectoring  to  8 deg  in  the  yaw  plane,  completing 
this  event  as  programmed  at  16.3  see  and  holding  at  8 deg  (for  a one- sec  hold). 
At  16.9  sec  the  leak  at  the  100  deg  azimuth  quickly  opened  up  aft  to  the  compli- 
ance ring,  (Figures  16  and  17)-  At  17.3  sec  the  nozzle  began  moving  as  pro- 
grammed from  8 deg  back  toward  null,  but  stalled  at  7-5  deg.  The  ball  remained 
at  this  angle  throughout  the  remainder  of'  the  60  sec  duration. 

At  |8.6  aec  an  additional  leakage  plume  was  seen  at.  the  330  deg  azimuth,  a 
fl ash  was  observed  at  about.  <50  deg,  and  the  apparent  crack  at  60  deg  opened 
greatly.  At  10.7  sec  the  exit  cone  broke  up  and  wan  extruded  through  the  ate  3 
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Figure  15.  Initial  Leakage  Plume 
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actuator  attach  ring  and  ejected.  The  actuator  attach  ring  was  ejected  at 
19-9  sec. 

A crack  was  observed  in  the  ball  extension  shortly  after  the  actuator 
attach  ring  was  lost.  The  ball  extension  subsequently  came  off  in  three  pieces, 
at  three  different  times.  The  section  from  90  tc  220  deg  was  lost  at  20.8  sec, 
the  220  to  270" deg  piece  was  lost  at  26.0  sec,  and  the  remaining  piece  (270  to 
90  deg)  at  A0. 5 see.  The  sequence  of  events  is  summar i zed  in  Table 

As  noted,  toe  ball  - which  includes  the  throat  - and  the  socket  remained  in 
place,  hut  with  the  ball  at  a 7-1/2  deg  vector,  throughout  propellant  burn. 

Tail  off  was  at  58,. 8 sec.  Figure  18  compares  the  predicted  and  measured  c-hamb  :■ 
pre;  iure.  Chamber  pressure  was  substantial  ly  higher  ( 1 ) than  predicted  at  t.ne 

maxi  inn,  but.  was  not  dotnruii  ned  t<>  be  cause  of  t.he  failure.  1’ne  mux t mem  meas- 
ured pressure  war.  I ,,  b il)  ps  i a ; average  pressure  was  1 , 155  psi  a. 
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TABLE  2.  SEQUENCE  OF  EVENTS,  NOZZLE  S/N  1 
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| Approximate 
j Time , 

ij  0(3  C 

Event 

0 

Motor  ignites,  firing  proceeds  as  planned 

*5- 3 - 9-3 

Nozzle  vectors  as  planned  in  yaw  plane,  one  and  one-half 
eye lea  with  l-i/4-deg  amplitude 

10.0 

Small  leakage  plume  observed  at  threads  at  the  100-deg 

azimuth 

10.0  - 13.9 

Plume  grows  in  size,  extends  aft 

13*9 

A second  leakage  plume  begins  at  about  60  deg 

| 1 6 . ft 

Nozzle  begins  vector  to  8-deg  in  yaw;  leakage  plume  at 

100  deg  extends  forward 

15.3 

Leakage  plume  at  100  deg  extends  aft 

16.3 

Nozzle  completes  vector  to  8 deg  as  planned,  begins  1-sec 
planned  hold 

16.9 

Leak  at  100  deg  quickly  opens  up  n aft  direction  all  the 
way  to  the  compliance  ring 

17.3 

Nozzle  begins  planned  return  to  null,  but  stalls  at  7.5  deg 

18.6 

Additional  leakage  plume  appears  at  300  deg;  flash  seen  at 

190  deg;  and  crack  at  60  deg  opens 

ifl  .7 

Exit,  core  breaks  up  and  is  extruded  through  the  steel  actuator 
attach  ring.  Bat!  remains  in  place  at  7.5  deg  angle  of  yaw 
plane 

1 9 . 9 

Actuator  attach  ring  is  ejected 

'O.H 

fta]  i extension  section  from  90  to  22b  deg  ejected 

26 . o 

Flai  l extension  section  from  220  to  270  deg  ejected 

•'■10.  <> 

Hall  extension  section  from  2?0  to  90  deg  ejected 

90. 1 98.8 

Bali , which  Includes  throat  remains  in  place;  propellant 
burn  continues  as  planned 

j s8.fl 

Motor  tat  1 off  occurs  near  expected  time  | 

4.2.2  TVC  Date 


The  HBS  TVC  nozzle  performed  the  ^8  dog  trapezoidal  wave  form  in  both  the 
pitch  and  yaw  axis  during  ambient  pre-ignition  steering  oheoks  as  expected. 
During  this  prefire  sequence,  the  ball  was  vectored  against  the  forward  lock- 
ring.  During  firing  the  nozzle  accomplished  17  deg  of  vector  travel  in  the  yaw 
plane  up  to  18  sec,  the  time  of  exit  cone  ejection  (no  vectoring  was  planned  in 
the  pitch  plane  during  this  time  period).  The  achieved  angular  movement  during 
the  test  firing  in  shown  in  tba  plot  of  yaw  position  versus  time  (Figure  19). 
Movement  of  the  nozzle  ns  expected  was  recognized  during  the  1.25  deg  triangular 
commands  between  5 and  9 seconds  at  a chamber  pressure  of  i,40G  psia.  An  8 deg 
vector  position  was  achieved  at  16  sec  when  chamber  pressure  was  1,580  psla. 

Measured  torque  is  plotted  against  time  in  Figure  20.  Figure  21  presents 
a cross-plot  oi  nozzle  torque  versus  nozzle  deflection  angle  for  vectoring  to 
tt  point  of  failure  The  hysteresis  torque  determined  from  the  full  loop 
.■•hi;  ived  between  5 and  9 sec  Is  equivalent  to  one-half  the  width  of  the  loop,  or 
126.000  in. -lb.  The  friction  coefficient  determined  from  the  date  was  0.11,  com- 
parable to  previous  subscale  test  data. 

The  offset  torque  is  the  difference  between  the  center  of  the  measured 
torque  loop  and  the  axis,  and  is  equal  to  34,000  in. -lb.  Since  no  offset 
torques  were  seen  dur lng  bench  test  or  prefire  steering  checks,  the  origin  of 
the  offset  is  aerodynamic  in  nature.  Industry  data  indicate  that  the  magnitude 
is  typical  for  nozzles  of  this  size.  The  HBS  aerodynamic  spring  torque  was 
assent. i a 1 iy  zero . 

The  measured  torque  for  the  vector  event  to  +8  deg  is  significantly  higher 
than  carllc-  events  and  ultimately  reached  stall  conditions  before  exit  fat  lure. 
Tile  Increasing  torque  ami  subsequent  stall  torque  was  attributed  to  increased 
friction  due  to  aluminum  oxide  deposition  in  the  forward  splitline. 

V . 2 . 3 Thermocouple  Data 

Nineteen  thermocouples  were  Instrumented  to  the  aft  toll,  socket , et it  cone 
and  or.-*  actuate*  (pitch  > at  top  dea  l center  (TDC) ) . The  locations  are  depleted 

!n  Figure  Hi...  temperature  respons,  of  thermoronp  les  Ti‘-  1 through  T i 1 '#  is 

presented  t«  Figures  2,3  t hrough  4 1 . Note  that  120  sec  corresponds  with  ignition . 
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Hevlew  of  these  thermocouples  Indicate  all  were  responding  normally  except 
for  TC-8  which  was  not  reading  at  Ignition.  Thermocouples  1 through  !l,  monitor- 
ing the  back face  of  the  socket,  ware  recording  temperatures  of  1G0°F  or  less,  as 
expected,  up  to  16  aeo  whan  the  leakage  and  subsequent  exit  cone  ejection 
resulted  in  loss  of  data.  TC*s  5 through  10  (at  the  ball  aft  and  and  forward 
exit  none)  except  for  the  non-fun  tinning  TC-8  did  not  show  anomalous  behavior 
under  the  circumstances  of  severe  flow  export sneed  in  this  region.  TC's  6 and 
10,  closest  to  the  major  flow,  exhibited  a significant  change  in  thermal 
response  at  10  sec,  when  the  initial  flow  started,  until  loss  of  data  coinciding 
with  exit  ejection.  Thermocouples  11  through  IN  in  the  compliance  ring  region 
exhibited  only  a slight  f approximately  20  °F)  temperature  rise  at  10  sen.  Two 
thermocouples  near  the  exit  plane  (TC*a  15  and  16)  were  not  significantly 
affected  by  the  conditions  between  10  sec  and  exit  ejection.  Thermoooupl ©s  17 
anci  1 8 on  the  0 deg  actuator’  cylinder  under  a 1/8-in.  thick  silicone  rubber 
layer  remained  at  approximately  60 for  the  entire  tins  up  tc  exit  ejection. 
Thermocouple  19  on  the  actuator  shaft  rose  only  15°F  at  the  time  of  the  initial 
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Figure  94.  St  rain  Gape  1,  ifl'J  <*a«  frous  T!X! 


Figure  !f'5-  Strain  Gage  4,  270  deg  from  TOC 
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over  18,000  Xfof.  Another  indication  a'r  the  2/0  deg  azimuth  (SG  4)  between  £:  and 
10  sou  corresponds  to  TYC  actuator  forces  exerted  during  this  period. 


Tilt’  nozzle  hardware  which  remained  intact.  was  disassembled  and  studied 
along  with  the  recovered  ejected  hardware.  The  three  piece,?  of  the  ball 
extension  and  the  exit  (which  separated  into  14  large  pieces)  are  shown  reassem- 
bled in  Figure  46.  The  100  deg  location  where  leakage  was  first  observed  is 
closest  to  the  camera.  Some  key  pieces  of  the  exit  at  the  threaded  forward  end 
which  are  seen  to  be  missing  were  not  recovered. 


The  post.fi re  ball  and  nozzle  ring  are  seen  in  Figure  * 7 and  with  the  recov- 
ered aft.  ball  extension  reconstructed  ia  Figure  48.  Ths  hail  is  shown  in  Figure 
49  after  removal  frow  the  socket,,  but  with  the  forward  lockring  still  in  place,. 
The  notch  at  0 deg  is  a saw  out  fra#  insulator  removal . Aluminum  oxide  deposits 
(verified  by  chemical  analysis)  arc  seen  be.;weon  the  hall  and  f<> rwrd  lockring 
surfaces  nefti  the  3?0  deg  ti  jjxiuth  and  around  to  about  the  60  deg  azimuth.  Add  I - 
'.tonal  «3uuim»M  • kicks  lepoaifs  are  seen  on  the  aft.  feye  of  the  forward  lockring. 
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There  was , by  design,  a gap  during  Hr- 
ing  be  wren  the  uft  facie  of  the  forward 
look  ring  and  the  forward  face  pf  the 
socket.  In  contrast,  the  mating  (seal- 
ing) surface  between  the  ball  and 
socket  (the  shiny  band  on  the  ball)  us 
free  of  contamination  and  any  signs  of 
leakage.  The  ball  entrance  shown  in 
figure  50  depicts  the  high,  non uni form 
erosion  experienced  during  the  firing.. 


The  surface  of  the  socket,  is  seen 
in  Figure  51.  The  shiny,  mating 
surface  with  the  bail  is,  like  the 

1 17M-2/ 

ball,  free  of  contauct  nation  a ad  leakage 

Figure  4b.  Reconstructed  indications . Aluminum  oxide  deposits 

Exit  Cone  end  Ball 

Extension.  Nozzle  S/M  1 a"e  r’'iJent»  hcWftV®*'»  in  th«  annular 

21091  grp  that  existed  during  test  forward 

of  the  sealing,  load- carrying  mating  surface.  'lie  posttest  socket  was  cracked 
af  about  the  230  deg  azimuth.  Upon  ejection  oi  the  exit  cone  and  simultaneous 
loss  of  actuation,  the  forward  biased  thrust  and  actuator  forces,  offsetting  the 
blowoff  load , were  also  lost.  The  result  was  •».  300)1  increase  in  the  bearing 
load  on  the  sock  el.. , causing  hoop  tensile  £ allure  of  the  socket . Note  that  the 
crack  edges  are  sharp  and  there,  is  no  sign  of  flow  through  or  near  the  portion 
of  the  crack  extending  Into  the  sealing  surface.  Note  also  that  the  aluminum 
ok  i :.lo  deposit  over  the  portion  of  the  etaek  forward  of  the  sealing  surface  is 
cracked  correspond  i ngi  y . indicating  the  socket,  cracked  after  the  alum  i num  oxide 
so  t id  i i i.  e<:i » 


The  measured  eroai on  profiles  from  the  recovered  components  arc  presented 
in  Figure  The  effects  on  entrance  erosion  of  trie  7-1/2  deg  cant  of  the  bn  1 1 

for  t he  ! ast  ’!.  ••  !/:•■  sec  of  firing  arc  clear,  with  maximum  erosion  .ui  the  plane 
o>  rant  ■ 'I ho  aide  of  the  entrance  vectored  .Into  the  flow  (so  that  irapi. ngeroerjf 
was  likely:  1 Me  s . i ; <j<v  a/  imut.h)  war-  led  hi  unt  ly  • nii  t.<>  a maximum  depth  of 


fj.wf  1 1. 


re  ‘hi’  .•».!  p ■!  ! I the  .tow  pres  amah ! y 


. <y  7 ■ • ■ 


Figure  51.  Postfire  Socket,  Nozzle  S/H  1 
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entered  the  nozzle'  was  eroded  I .,24  in.  The  locations  90  deg  from  these  were 
eroded  0.4'd  in,  and  0.85  in..  The  average  ballistic  throat  erosion  rate  was 
11.0  mils/sec , which  .1.3  surprisingly  low  for  a 58.7  sec  test  of  this  severity. 


The  erosion  of  the  ball  entrance  and  the  surrounding  fork-  rd  lockring  insu- 
lators was  severe  and  higher  than  expected,  had  the  firing  gone  as  planned.  Flow 
was  severe  enough  to  cause  local  melting  of  the  steel  ring  that  retained  the 
lockring,  as  show.?  in  Figure  53*  At  least  part  of  the  flow  severity  can  be 
linked  to  the  canted  position  of  the  entrance  during  the  last  42.5  sec  of  the 
tea' 
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Measured  Erosion,  Nozzle 


5.0  PROBLEM  ASSESSMENT  - NOZZLE  S/N  1 


Four  significant  problems  wore  observed  in  the  teat  and  pontteat  analysis 
of  nozzle  S/N  i: 


• Thread  leakage,  exit  breakup,  t d ball  extansit  loss. 

• Excessive  forward  aplitlina  erosion. 

• Aluminum  oxide  deposition  leading  to  thrust  vector  control  (TVC) 
system  stall. 

» Cracked  socket. 


The  following  discussion  reflects  Chemical  Systems  Division's  (C.SD)  observa- 
tions  in  conjunction  with  the  characterization  studies  performed  on  postteat 
parts  and  remnants  by  Atlantic  Research  Corp.  (ARC)  (reference  2), 

5.1  THREAD  LEAKAGE,  EXIT  BREAKUP,  AND  HALL  EXTENSION  LOSS 

It  was  concluded  that  these  problems  were  related,  since  the  exit  breakup 
and  ball  extension  loss  are  believed  to  have  resulted  from  the  flame-cutting 
effects  of  tiie  exhaust  leakage.  The  primary  cause  of  the  leakage  was  believed 
to  bo  a bad  dec  is ’or.  on  CSD's  part  to  densify  the  exit  to  only  1.7  g/eo  (for  the 
purpose  of  saving  weight),  whereas  the  data  base  with  woven  31'  carbon-carbon 
(C-C)  materials  such  as  this  was  primarily  with  materials  deinsifiad  to  about 
1.9  g/co.  Density  and  porosity  characteristics  of  the  posttest  exit  end  ball 
extension  were  Gxamin©d  by  ARC.  The  results  showed  a 1.6  g/cc  density  for  the 
exit,  which  is  even  lower  than  the  reported  1.7  g/cc.  The  open  porosity  of  the 
exit  was  determined  to  fie  over  21%,  compared  to  7 to  with  typical  1.9  g/co  3D 
C-C  material.  This  represents  75%  of  toe  total  porosity  in  thv  exit  and  results 
in  a specific  oper.  pore  volume  for  the  exit,  which  is  more  then  double  that  of 
the  ball  extension  These  results,  coupled  with  a mismatch  in  thermal  expansion 
between  the  exit  and  ball  extenrlon  and  the  numerous  zones  of  weave  annual. lea, 
contributed  to  the  p"obi stirs  associated  wi  oh  this  test.  In  addition,  the  ball- 
to-exit  thread  design  was  not  the  best  choice.  As  discussed  in  section  6.0,  the 
*»-acm«s  thread  utilized  did  not  aooomraodate , in  acme  thread  forma , « full  unit 
cell  of  radial  and  circumferential  bundles.  The  lack  of  reinforcements  in  acme 
thread  teeth  probably  rose i fed  in  a significant  reduction  in  shear  capability. 
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5.2  EXCESSIVE  tromkW  SPUTUM  EROSION 

This  problem  may  or  may  not  have  been  caused  by  the  7-1/2  (&«£  M,nt«d 
poaifclon  of  the  entrance  during  the  final  42.5  sec  of  the  test.  It  <tw 
therefore  assumed  that  the  atublneaa  of  the  entrance  was  a mi  fault  in  tint  it 
induced  hi$h  circulatory  flow  similar  to  Mutt  experienced  in  subsonic  aplitllne 
nosxlea.  Lengthening  the  entrance  and  increasing  the  contraction  retie  to 
oroate  it  relatively  quiescent  separated  flow  region  near  the  mtlltHnm  *mn  the 
proposed  solution  to  this  problem. 

5.3  ALUMINUM  OXIDE  DEPOSITION  LEADING  TO  THRUST  VECTOR  CONTROL  SISTEM  STALL 
The  posttest  analysis  concluded  that  deposition  of  aluminum  oxide  in  the 

annulus  between  the  forward  part  of  the  ball  and  the  lockring  caused  actuator 
stall. 


5.4  CRACKED  SOCKET 

The  crack  In  the  socket  was  moat  likely  caused  by  the  exit  and  a tea tor 
loas.  The  loss  of  the  oontributi  n of  the  exit  to  tSiruat  and  the  loss  of  the 
forward  actuator  bias  load  (pull-on  y aofcurtors)  nearly  tripled  the  load  on  the 
socket.  However,  for  future  designs  it  was  determined  beat  to  retain  the  socket 
more  positively  (on  a ramp  instead  of  a cylinder,  and  with  tighter  tolerances) 
arid  to  change  the  socket  weave  design  from  a conical  fruatra  to  a high-hoop 
fraction  cylindrical  construction,  which  has  more  predictable  characteristics. 


6.0  REDESIGN  OF  NOZZLE  SAN  1 

Nozzle  S/M  1 { Figure  54),  was  1 e tar  modified  to  correct  the  problem  Identi- 
fied In  that  'test  end  discussed  in  factions  ‘1.0  arid  5.0.  Design  changes  were 
made  only  where  necessary  so  that  performance  in  the  teat  of  the  second  nozzle 
could  be  correlated  to  the  changes.  The  actuation  system  desl.pi  revalued 
unchanged  since  it  performed  without  problems  during  the  8 February  1979  teat,, 

The  potential  solutions  considered  In  the  nozzle  redesign  are  summarized  In 
Table  3- 

6.1  DESIGN  CRITERIA 

6.1.1  Balj.iffticR 

The  revised  design  was  to  be  tested  on  tha  short  length  super  HI.PO  (SLSH) 
motor  at  the  Air  Force  Rocket  Propulsion  Laboratory  (AFRPL).  The  test  condi- 
tions so  leered  were  those  representative  of  advanced  upper  stage  conditions , 
approximately  750  psla  for  75  sec  with  ».  propellant  of  moderate  erosiveneas.  The 
Government-furnished  equipment  (GFE)  grain  was  fabricated  by  Chemical  Systems 
Division  (OSD)  under  AFRPL  contract  No.  F04700-79-C-0080 « Tto  propellant  was 
CSD's  UTP-19,687,  a 90f  sollds/20#  A 1/12$  cyclotetramsthylene  tot rani tramine 
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TABLE  3.  SUMMARY  OF  POTENTIAL  SOLUTIONS  CONSIDERED  IN 
NOZZLE  ,VN  1 REDESIGN 


Thread  leakage  exit 

FT 

Increase  exit  density  to  5.9  g/oo 

breakup,  and  throat 

2. 

Lengthen  the  threaded  Joint  j 

j extension  lose 

> 

5- 

Add  a stnpped-joint  seal  at  forward  end  of  ! 

threads  j| 

4. 

5. 

Improve  graphite  cement  application  and  cure 
Improve  ball-to-exlt  Joint 

Excessive  forward 

1. 

Lengthen  entrance  ana  increase  contraction 

splitlina  erosion 

ratio  to  create  separated  flow  region  at 
split. line 

Aluminum  oxide 

U 

Change  forward  lockring  to  carbon  phenolic  * 

deposition  leading 

't 

t.  < 

Treat  forward  surface  of  Ball  to  prevent  | 

to  system  stall 

deposition  j 

Cracked  socket 

1. 

2. 

Retain  socket  on  ramp  j 

Tighten  tolerances  | 

3- 

Change  socket  weave  from  conical  frustra  to  J 

cylinder  with  high  hoop  volume  fraction  | 

(HMX)  hydroxy 1- tern! na ted  polybutadiene  (HTPB).  This  propellant  was  success- 
fully demonstrated  in  the  Jot  Propulsion  Laboratory  (JPL)  high  energy  perform- 
ance nozzle  firing,  and  the  CSiVSoclete  Eurcpeene  de  Propulsion  (SEP)  advanced 
apogee  motor  firsd  at  AFFP.L  on  15  November  1971. 

The  physical  dimensions  and  properties  of  the  center- perforated  grain  are 
presented  in  Table  4.  The  predicted  ballistic  conditions  wore  as  follows: 

Maximum  pressure,  psia  803 

Average  pressure,  psia  746 

Action  time,  sec  74.6 

The  design  maximum  expected  operating  presura  (MSOP)  was  1,004  psia  (1.25  x maxi- 
mum pressure). 
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,;mss turn  x&f&m wmta 


6.1.?  TVC 


The  thrust  vector  control  (TVC)  requirements  were  identical  to  those  of 
nozzle  S/K  1'. 


Max .mum  deflection,  deg 
Maximum  slew  rate,  deg/sec 
Minimum  acceleration,  cleg/ see 
Pivot  point 


8 omnlaxial 
4G 
300 

Forward  throat  pivot 


Since  no  problems  were  encountered  with  the  TVC  actuation  system  design 
used  with  nozzle  S/N  1,  it  remained  unchanged.  The  actuation  system  again  con- 
sisted of  four  pull-only  hydraulic  actuators  with  an  integral  feedback  potentio- 
meter control  system.  The  actuator  assembly  configuration  is  per  CSD  drawing 
C 13131).  The  pull-only  nature  of  the  actuators  provided  a constant  forward  load 
reducing  the  net  blowoff  load  due  to  chamber  pressure,  and  hence  torque. 

TVC  performance  calculations  were  made  to  determine  the  expected  nozzle 
response  and  required  actuator  hydraulic  supply  pressure.  The  design  parameters 
and  expected  response  of  the  TVC  system  are  presented  in  Table  5. 


TABLE  l*.  DIMENSIONS  AND 
PROPERTIES  OF  UTP ■ ! 9 , 68? 


T3?7 1 


I Grain 

Weight 

13,504  lbs 

Lengt.  h 

61.7  in. 

Bon  diameter 

46.7  in. 

Web 

lb. 3 in. 

Propel  I ant. 

Burning  rate  at 

0.?6?3  in, /sec 

1,000  paia 

Burning  rate 

O 

S.-J 

0 

exponent 

0 . 0(r' i t 1 b/  sec . ® 

Propel!  ant,  density 

■',,070  n./aec 

V .1  arae  t empei -a  i ure 

f.nB'hi  ! 



The  torque  fo r nozzle  S/N  ? would  be 
lower  than  that  for  nozzle  S/N  1 
oecause  of  the  reduced  average  chamber 
pressure  ( 746  versus  1,355  paia). 

Since  the  torque  would  be  lower  for1  the 
conditions  of  S/N  2,  the  hydraulic 
supply  pressure  to  the  actuators  was 
reduced  from  3,000  p»J  (used  for  S/M  1) 
to  2,000  pal.  The  reduced  supply 
pressure  provides  a reduction  in  the 
bending  loads  imposed  on  the  exit. 

6 . ? DES l (IN  HOP  I FICAT  IONS 

A mayor-  effort  of  t.he  design 
modi  float  i on  included  an  1 nveai.J  gat.  i on 
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TABLE  5.  TVC  DESIGN  PARAMETERS  AND  EXPECTED  RESPONSE,  NOZZLE  S/N  2 
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Actuation  moment  arm 
Piston  area,  actuator 
Maximum  actuator  pull  force 
Maximum  torque  capability  of  actuator 
Forward  bias  load,  actuators 
Ball  spherical  radius 
•Design  friction  coefficient 

Calculated  response  at  MKOP  (1004  psia): 

^ Net  blow  off  load 
Blowoff  torque 
Aerodynamic  torque 
Offset  torque 
Total  torque 

Safety  factor,  actuator  capability 


12.9  in. 

6,045  in.2 
12,090  lbf 
06,000  in. -lb 
2*1,121  lbf 
6.66  in. 

0. 12 


48.000  lbf 
84,231  in. -lb 

5,500  in, -lb 

1.000  in. -lb 
90,733  in. -lb 
1.72:1 


I®  Maximum  measured  on  successful  Navy  Launch  Vehicle  Materials  firing 
August  1978 

t Includes  forward  bias  load  contribution  from  pull-only  actuators 


of  alternative  ball- to-exit  Joint  concepts.  Evidence  from  the  first  7-in. 
hot  ball  and  socket  (BBS)  firing  indicated  that,  the  exit  core  failure  initiated 
at  the  threaded  joint.  Although  the  exact  cause  .had  not  been  isolated,  confidence 
in  threaded  Joints  was  of  concern. 

Threaded  Joint  concerns  included:  ( 1 ) uncertainty  of  load  transfer 
under  bending  loads,  (2)  uncertainty  of  sealing  under  bending  loads  due  to 
a possi  ble  gap,  ell  her  mechanically  induced  and/or  from  differential  t hermal 
expansion  between  the  ball  and  exit,  and  (3)  uncertainty  of  the  load- carrying 
capability  ok  Individual  thread  teeth  under  shear  loads.  The  shear  strength 
uncertainty  arises  from  the  primary  dependence  of  local  thread  shear  strength 
on  the  itumne?-  of  local  radial  rel>.if<  eineru-s.  With  a fine  thread  design 
(near  t he  unit  cell  size  or  less)  the  probability  of  an  adequate  number  of 
! .vital  bundles  at  a given  location  in  each  tooth  Is  reduced,  and  hence  confidence 
is  the  thread  shear  capability  is  correspondingly  reduced . 


c'.evet  til  Join*,  candidates  were  evaluated  on  the  basis  of  structural  i*o.>g- 
tatn  i op  hi  l ity,  and  cost,  and  I'-mpapcd  to  the  four  - per  • inrh  Acme  thread;.* 


incorporated  in  nozzle  5 /N  1 (reference  3).  The  candidate  concepts  Included; 
pins,  keys,  breech  lock,  and  collar.  Overall  disadvantages  were  identified  with 
each  concept  for  this  application. 

The  study  concluded  that  for  this  particular  design  tbs  candidate  non- 
threaded  Joints  did  not  offer  an  overall  advantage  over  an  improved  threaded 
joint.  A coarser,  modified  Acme  thread  was  selected  as  the  best  replacement 
for  the  four-per-inch  Acme  threads  of  S/N  1.  The  selected  1-1/2  thread  per  in., 
10--deg-mcdified  stub  Acme  allows  an  average  of  three  radial  bundles  per  tooth 
cross-section.  This  thread  design  provides  a better  shear  capability  than  with 
the;  finer  four-per-in.  Acme  threads  in  which  an  average  of  only  one  radial 
bundle  was  present  in  each  tooth  cross-section.  The  included  angle  of  rich 
thread  form  was  reduced  from  2 9 deg  to  10  deg  resulting  in  an  almost  square 
tooth,  to  reduce  the  radial  load  component  under  TVC  bending.  Figure  55  clearly 
compares  the  differences  between  the  i|  Acme  and  1-1/2  Acme  threads, 

Additional  changes  incorporated  to  preclude  leakage  at  the  joint  included 
increasing  the  exit  density  from  the  1.5  - 1.7  range  to  1.9  g/cc,  matching  the 
weave  design  of  the  aft  throat  extension  with  the  forward  exit  cone,  and  improv- 
ing the  application  and  cure  of  graphite  cement.  Increasing  the  exit  density  to 
1.9  g/cc  reduces  the  open  porosity  of  the  exit  from  Pit  or  more  to  the  8 to  91 
range , similar  to  that;  of  the  throat  and  socket.  Py  better  matching  the  weave 
spacing,  fiber  volume  fraction,  and  density  between  the  forward  exit  and  aft- 
throat  extension,  more  nearly  similar  properties  can  be  expected,  reducing  the 
potential  for  thermal  expansion  and/or  mechanloa lly  Induced  mismatch. 

To  reduce  r.foe  severe  erosion  encountered  in  the  first  test  at  the  forward 
s pj  J.t  line  between  the  toll  and  .look  ring,  the  entrance  was  lengthened  end  the 
entrance  expansion  ratio  was  Increased.  This  provided  « sacrificial  entrance 
and  a separated  flow  region  eliminating  direct  Impingement  at  the  spli  11  l.ne. 

1.' hanging  the  forward  lockring  f r.  -a  U‘  cor  ho  n-  car  non  v C-C ) to  < ar  be#  phono 
! • i'  was  In’ ended  to  lie  I p prevent  "I  <0-.,  .lepos  l 1 on  Alumina  Is  lea:.  ' l kel  v !.o 
di-pos't  /.*)  carbon  phenolic  hecauso  of  ( 1 ) out  gassing  as  the  surface  chars  and 





: 3 radial  fiber  burn  in  par  tooth 


— 1.6  m » 
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II  4 
diameter 
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(?')  the  higher  aurfac*  temperature  which  results  fix>m  the  low  conductivity  of 
the  phenolic.  Secondly,  the  ball  surface  was  to  be  treated  to  help  prevent  depo- 
sition, The  surface  treatment  candidates  were  evaluated  under  laboratory 
testing. 

The  problem  of  the  cracked  socket,  observe  1 upon  post test  disassembly , was 
most  likely  associated  with  (I)  the  loss  of  t he  actuator  forward  bias  led  and 
(2)  the  exit  cone’s  thrust  contribution.  These  two  effects  nearly  tripled  the 
biowoff  load  on  the  socket.  However,  for  conservatism,  the  weave  plan  for  the 
socket  was  changed  from  a conical  construction  to  a cylindrical  construction, 
and  a ramp  retention  was  Introduces  Hie  response  of  a cylindrical  billet  to 
loading  can  be  more  confidently  estimated  than  that  of  a conical  billet.  The 
socket  was  supported  ?n  a 3 -deg  ramp  and  tolerances  wen:  tightened  to  better 
ensure  positive  support. 

The  revised  design  (nozzle  S/N  2)  is  presented  in  Ftgu*  • 56  and  compared  to 
the  tested  S/N  1 design  in  Figure  57.  Note  that  the  exit  cc  ie  was  truncated  to 
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Figure  57.  Comparison  of  Nozzle  S/M  1 to  Redesigned  Nozzle 
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reduce  the  expansion  ratio  and  prevent  flow  separation  at  the  lower  pressure  of 
the  second  test..  Aerothemal  end  structural  analysis  results  reported  In  refer- 
ence 3 indicate  no  design  deficiencies.  While  C-C  billet  fabrication  for  the 
full -scale  nozzle  was  underway , parallel  efforts  were  on-geing  to  select  a C~C 
surface  treatment  and  prepare  for  a subscale  verification  firing. 


6.3  SUPPORTING  LABORATORY  EFFORTS 


The  purpose  u?"  this  task  was  to  develop  * surface  treatment  for  the  spheri- 
cal MU’  races  of  the  'if*  C~C  ball  sod  socket,  which  Ideally  meet  the  following 
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Reduce  the  friction  coefficient  to  reduce  torque 
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A aurvsy  of  Kutuercus  surface  treatment  candidates  was  conducted  including 
a literature  search  and  industry  contents.  Candidates  wore  scrsenedl  on  the 
hast a of  cost,  reported  friction  coefficient,  processibility,  and  high  tempera* 
tuns  capability.  Table  6 lists  those  candidates  subsFsonently  oousid ered  for 
laboratory  (scale  testing. 

The  various  surface  treatments  wore  applied  to  3 ..92-in.  spherical  diameter 
C~C  ball  and  socket  teal  rings  such  ac  those  ubown  in  Figure  53.  Each  teat 
bearing  not.  was  tested  In  the  bench  test  asseoibly  shown  in  Figureo  59,  60,  and 
61,  Friction  and  relative  permeability  daU:  wore  obtained  with  this  rest  config- 
uration. 

Bo'Oh  ball  and  socket  act.  was  sitvjected  to  plus  and  minus  5-deg  single  axis, 
triangular  wave  commands  totaling  20  deg  of  travel  for  each  event,  ’fee to?'1  ng 
was  performed  over  n range  of  ball  to  socket  bearing  pressures  up  to  a nominal 
valaa  of  5,500  psi . The  maximum  slew  rate  achieved  was  10~aeg/sev.. 

Th"  /V lotion  coefficient  results  for  ‘‘he  variety  of  sw fr.ee  treatwertio 
examined  are  sumeuvlfcod  in  Table  7.  The  moat  prom  if)  log  ofusdlPate  appeared  to  be 
-he  50,8  Sermete'l/oCM  Teflon  mixture.  Seroete.1  (type  w),  a corrosion  inhibitor 
for  ate*. I,  consists  of  an  Hfpjwoua  ceramic  binder  solution  with  aluminum  filler. 
Sermetol  is  capable  of  vlths banding  temperatures  of'  at  least  l,200°F.  The  combi- 
nation of  Sera-etel  and  Teflon  .-oparently  prov)  des  the  relatively  low  friction 
coating  character!,  st  * os  of  Teflon  while  the  traro  Samelel  aids  in  preventing 
cold  flow  and  high  breakaway  friction  typically  anaocl ated  with  Teflon. 
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Figure  59.  Laboratory  Bench  Test  Configuration 
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The  7-in.  MBS  interface  is  expected  to  experience  temperatures  up  to  1 , 200°F 
as  shown  in  Figure  62.  The  ball  and  socket  test  rings  treated  with  the  Sermetel/ 
Teflon  mixture  were  placed  in  an  oven  to  1,200°  F for  5 min.  Upon  removal  the 
coating  appeared  unaffected  and,  when  retested,  the  friction  coefficient  was 
unchanged  (0.07  to  0.08). 


The  permeability  of  the  C-C  with  the  Serraete  1 /Teflon  was  also  somewhat 
reduced  compared  to  previous  experience  as  evidenced  by  monitoring  pressure 
decay  in  the  test  rig..  The  ability  of  the  surface  treatments  to  inhibit  alumina 
deposit!  on  can  be  tru  l y evaluat  ed  only  in  a static  test  firing;  however , It  was 
believed  that  trie  properties  of  Teflon  might  reduce  the  alumina  problem. 
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figure  62.  Expected  Temperature 
History  for  7-in.  Ball-to-Socket 
Interface 
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7.0  SUBSCALE  NOZZLE  VERIFICATION  FIRING 


7.1  OBJECTIVE 

The  objective  of  the  aubscale  (2-in..  Dt)  firing  tea  a to  verify  the  perform- 
ance of  modifications  planned  for  the  full-scale  (7-in.  ) hot  ball  arid  socket 

(KBS)  nozzle.  The  design  modifications  planned  for  the  full-scale  nozzle  which 
were  evaluated  in  subscale  were: 

m Sacrificial  entrance  - was  intended  to  split  the  flow  and  provide  a 
separated  flow  region  to  protect  forward  splitlino  components  from 
excessive  erosion 

• Carbon  phenolic  lockring  - replaced  the  previously  used  carbon- carbon 
(C-C);  Intended  to  reduce  deposition  of  aluminum  oxide  In  the  splitline 

® Ball/ socket  surface  treatment  - Intended  to  (1)  provide  a low  friction 

bearing  surface  to  reduce  torque;  and  (2)  inhibit  alumina  deposition. 

In  addition,  the  test  was  intended  to  acquire  additional  data  on  the  MBS  nozzle 
and  further  demonstrate  its  thermostructural  integrity. 

7.2  NOZZLE  DESIGN 

The  nozzle  assembly  configuration  (CSD  P/N  13397-02-01)  :i.a  depicted  in 
Figure  63-  Assembled  and  explode*  views  of  the  major  subscale  components  are 
presented  in  Figures  64  and  65,  respective]  ;•  Thin  desi  gn  is  similar  to  that  of 
HBS  nozzle  tested  in  August  1979  under  Naval  Surface  Weapons  Center  (NSWC) 
contract  No.  N60521 -77 -C-0240  (reference) , except  for  the  following: 

• A Lengthened,  sacrificial  entrance  was  i ..cor Donated  in  the  Air  Ferre 
Rocket.  Propulsion  Laboratory  (AKRPl.)  deft  1 gi ■ 

• The  lockring  material  wan  changed  from  C-C  to  carbon- phenolic .. 

• A f r\i ctl on-redue  1 ng  surface  treatment  was  applied  to  the  AFHPL  hall 
and  socket  spherical  surfaces. 

• The  thread.*:  at.  the  bal  l-to-exli  joint,  were  lengthened  and  the  included 
angle  o:  t he  t hreads  was  reduced  from  ' 1 t . i eg  to  10  deg  t.i  reduce  l.fic 
radial  oad  component,  (which  tends  L<>  -pen  up  the  thread  gap) . 


* The  fih.»r  bundle  spacing  of  the  AFRPL  hail  was  coarser  than  that  of 

the  KSWC  ball  (0.090  versus  G„0*50~in.)  to  reflect  current,  practice  and 
red;  'a  cost. 

A summary  of  the  similarities  and  differences  between  the  WSWC  and  AFRPL 
no z?, lea  Is  presentee  in  Table  8.  A comparison  of  the  prefire  NSWC  ball  and 
prefire  AFRPL  ball  incorporating  the  sacrificial  entrance  is  presented  in 
Figure  66. 


The  actuation  system  used  in  the  KSWC  test  was  refurbished  for'  cost 
effectiveness  for*  reuse  in  the  AFRPL  test.  The  system  consisted  of  four  pull 


only  hydraulic  actuators  with  position  feedback  sensors  in  a closed- loop  configu- 
ration and  one  servovalve  per  axis.  Refurbishment  Included  thoroughly  cleaning 
all  components,  nondestructive  evaluation  (MDE),  and  replacement  of  0-ringn , 
hydraulic  beses,  and  position  transducers.  Also,  the  exit,  ocne  fired  In  the 
NSWC  nozzle  was  i eased  in  the  AFRPL  nozzle  with  refurbishment  in  the  threaded 
region  only. 


TABLE  8.  COMPARISON  Of'  TOE  AFRPL  SUBSCALE  DESIGN  WITH  THE  NSWC  DESIGN 

T6275 


r~ — — — — 

NSWC 

AFRPL 

Throat  diameter  (in.) 

1.92 

1.9.2 

TVC  angle  (deg) 

15 

8 

Sacrificial  entrance 

No 

Yes 

Lookring  material 

Carbon-carbon 

Carton-phenolic 

Surface  treatment. 

CVD 

Sermefcel/Teflon 

Ball  fiber  type 

KM 

HM 

Ball  fiber  spacing  (in.) 

0.050 

0.090 

Included  an  le  of  ball-to-e^it  cone 

thread  shape  (deg) 

29 

10 

Note:  The  exit  cone  fired  in  the  NSWC  nozzla  was  reused  in  the  AFRPL  nozzle 
with  new  threads  machined  at  the  forward  end. 

7 . 3 BENCH  TESTING 

Upon  assembly  of  the  nozzle  and  Integration  with  the  actuation  hardware  the 
system  was  subjected  to  extensive  bench  testing.  Two  of  Chemical  Systems 
Division's  (C3D)  TM-3  motor  closures  with  a spacer  ring  between  them  were  bolted 
together  providing  a cost-effective  bench  teat  pressure  vessel.  The  nozzle  hous- 
ing was  mated  directly  to  the  open  port,  and  a plate  with  pressure  fittings 
closed  off  the  port-  of  the  opposite  closure.  The  nozzle  was  sut  acted  to  numer- 
ous blowoff  loads  and  hydraulic  supply  pressure  while  executing  commanded  vector- 
events.  Tiie  nozzle  was  eventually  loaded  to  the  olowoff  load  expected  at  the 
predicted  maximum  pressure  of  fl6l  pst . Hydraulic  supply  pressure  was  3,000  psi, 
the  maximum  planned  for  the  static  firing. 

She  maxi  an;;;  torques  measured  during  odor  events  to  8 deg  In  the  pitch  and 
yaw  planes  were  1,600  and  1,700  in. -lb,  rarpecU veiy,  while  at  the  maximum 
blowoff  load.  The  measured  torque  v.«.!w  air  res  pond  to  a friction  coefficient 

between  0.0?  • and  0.08  ( 3')<  .'.ess  than  t at  nominally  observed  without  the 
applied  surface  treatment ).  Figures  67  *nd  68  present  the  measured  torque  loops 
for  vector  events  in  the  pitch  ami  yaw  planes,  reeerct.l veiy,  at  to'*  'xpected 
maximum  blowoff  load  of  '1,600  !bf, 
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Th«  pressure- time  trace  measured  during  the  28- sec  firing  ia  shown  in 
Figure  69.  The  maximum  pi  assure  was  935  psla,  end  the  average  press  US'*  was 
779  psia.  The  maximum  and  average  ax  1 a i thrust  was  3 , 3?  1 arri  3,652  lbf  respec- 
tive i > . tr-  d‘.*g  (sf  v«d,  - travel  were  eixnciandefl  during  tbs  .stal'd-  firing.. 

Upon  disassembl  y , * he  rjev4/.  i e was  found  to  f>e  in  exoe  • lent  post  test  ewi- 
• iiM.s;  H:  > sht.mfi  ju  tn<-  tHjm  i --si  e * [- 1 ocie-d  view  ! i,  F-.  gurt  70-  d lea gage  '.  u wrr,, 
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t'm  ball  and  aookot  occurred  aa  m tdanasd  by  the  excellent  condition  of  the 
Bitting  ball  and  socket  surfaces.  The  aroalccn  profile  of  the  ball  was  aaooih, 
cylindrical  „ and  tubular.  Th«  measured  average  Sv.l.Ustio  throat  erosion  rate 
w«a  5.3  alia/ .see,  The  pcetteafc  erosion  profile  la  shwn  in  figure  ?1« 


The  postteat  ball  Is  r^aptrarf  with  the  prefire  condition  In  Figure  72.  The 
sacrificial  entrance  perfonscd  well  preventing  erosion  of  the  split lire  com- 
ponents . The  reduced  entrance  erosion  la  clearly  seen  whan  compared  to  the 
posttest  NStfC  ball  in  Figure-  73  which  did  not  incorporate  the  sacrificial 
entrance,  l-t  fret,  it  parf  ornuod  coc  w>ll  since,  unexpectedly,  no  arculon 
occurred  c-n  the  carbon- phenolic  lockring  which  was  found  to  have  swelled  into 
the  ball  preventing  execution  of  some  thrust  vector  control  (TVC)  events.  The 
design  gap  between  the  ball  and  lookring  was  inadequate  and  was  subsequently 
modified  for  the  full-scale  assembly.  The  phenolic  lockring  otherwise  performed 
well.  No  aluminum  oxide  was  observed  on  the  ball,  socket,  or*  in  the  aplitline. 
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Figure  73.  Comparison  of  Postfire  NSWC  Subscale  Ball  (Left) 
(Tested  29  August  1978)  With  Postfire  AFRL  Subscale  Ball 
(Tested  *8  March  1981) 


Since  interference  of  the  lockring  with  the  ha .1.1  occurred  from  a few 
seconds  past  ignition  through  the  duration  of  the  firing,  isolation  of  the 
performance  of  the  surface  treatment  during  the  firing  is  impossible.  However, 
because  of  the  excellent,  low  torque  results  achieved  with  the  surface  treatment 
during  bench  testing  with  no  evidence  of  any  detrimental  effect.,  it  win  selected 
for  the  full  scale  test. 


.'in  overlay  of  the  TVC  position  commands  and  measured  response  is  shown  in 
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AFXPl  Subsoale  Hot  Bail  and  Socket  Nozzle  TVC  Duty  Cycle 
( Measured  Response  OverX&yed.  on  Cowiands) 
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system  was  performing  properly  before  roc  tor  ignition.  This  date,  Including  the 


response  to  coausands  at  tailoff  and  analysis  of  t.V.  acquired  actuator  control 
data  monitored  during  the  firing,  shows  thi?;t  no  fault  existed  within  the 
actuation  system.  The  high  toe-quo  measured  la  attributed  to  the  Inadequate  gap 
provided  between  the  ball  and  ms  bon- phenol  to  lockring. 


The  following  obaervat.1 :>os  were  made: 


• The  sacrl  f 1 rial  entrance  w&.s  ef M ve  in  protecting  the  forward 

:> i ■ i ; i S I. r v. - !>y  ptovi  ding  t separata.':  t i .w  region. 

• The  nnrbon  phenol  i a took.-  • ng  wrs  not  stiff  l ct  enr.  ly  gappefl  ! rom  the  mov 
able  ball  eesut ting  in  lfvtet  Ter  once  when  It  charred  and  awe l i #.  „ 


« The  applied  i surface  treatment  demonstrated,  in  bench  testing,  a 35$ 
reduction  in  torqua  frm  that  nominally  measured  in  previous  tests. 
The  phenolic  swelling  .jroblem  precluded  confirmation  of  torque 
reduction  during  firing. 

« The  surface  treatment  did  not  detrimentally  affect  performance  of  the 
nosslo  in  firing, 

9 Aluminum  oxide  deposition  was  not  apparent  in  the  aplitilne  or 
or*  the  ball  and  socket  surfaces. 

All  of  the  modifications  demonstrated  in  the  subacalo  test  were  incor- 
porated in  the  full-scale  assembly.  An  increase  in  the  radial  gap  between  the 
phenolic  look ring  and  ball  ms  incorporated  in  the  full-scale  design.  This 
test  and  a survey  of  industry  experience  with  carbon  phenolic  in  split lines  was 
the  tests  for  the  change  in  the  full-scale  design.  The  spherical  radius  of  the 
full-scale  S/M  2 nozzle  lockring  was  subsequently  modified  to  provide  a 0.10-in 
radial  gap  between  the  hall  end  lockring  while  the  ball  is  seated  on  the  socket 
■'‘his  gap  results  in  0.30  in.  of  axial  translation  by  toe  ball  from  the  seated 
position  on  the  lockring  to  the  socket. 


"s' 


R.C  NOZZLE  S/N  2 - FABRICATION  iSND  TESTING 


8.1  nozzle  fabrication 

The  wseorid  7-in,.  D*  hot  bal.l  and  socket  (H9S)  nozzle  conformed  to  Chemical 
Systems  Division  (CSD)  drawing  C131T9-02-01 . N022.lt;  S/N  2 maintained  the  same 

basic  physical  characteristics  and  short  length  super  HIPPO  (SLSH)  motor  inter- 
face as  nozzle  S/N  ! except  that  the  exit  was  truncated  reducing  the  expansion 
ratio  to  7.6  (versus  13.8)  and  the  overall  length  to  37.9  in.  (versus  49  in.). 

The  JD  carbon- carbon  (C-C)  ball,  socket,  and  exit  cone  were  fabricated  by 
Fiber  Materials,  Inc.  (FMI)  rith  Union  Carbide  T300  fiber.  The  preform  weave 
spacing  for  the  ball  at  the  7-in.  reference  diameter  was  AH  = 0.090  in-, 

AC  = 0.100  in.,  and  AA  a 0.080  in.  The  fiber  volume  distribution  for  the  ball 
is  presented  in  Figure  75.  The  socket,  preform  wsa  wovan  a a a cylinder  (axial 
fibers  runrsirig  parallel  to  the  centerline)  as  opposed  to  the  frustra  design  of 


F i gur«*  f*:=  B« ) \ fi  w'ti:  Kif’:.-  v,  5 . ...  01  f r.  \-iff  \ V'-'i  i Zif'H  ? 
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the  : /N  1 io>  cet.  Ihe  spacing  at  the  spherical  diameter  of  the  socket  was 
AV.  = 0.09<  AC  = 0.200  in.,  end  AA  - 0.080  in.  The  fiber  volume  distribu- 

tion for  the  socket  is  presented  In  Figure  ?6.  The  exit,  woven  as  a frustra, 
maintained  0 constant  spacing  between  bundles  of  0.090  in.  in  the  radial  dir- 
ection, The  spacing  in  the  sur  a!  (meridional)  direction  increased  from 
0.080  in.  at  the  for card  or  1 t > 0.120  in.  at  the  aft  end.  The  circumferential 
spacing  of  the  exit  pref  rr  ve  -led  from  0.070  in,  at  the  forward  and  inside 
diameter  (ID)  to  0.300  in.  at  th*  aft  end  outside  diameter  (OD).  The  fiber 
volume  distributions  for  thre  z>  es  of  the  exit  eone  as  depleted  in  Figure  77 
are  presented  in  Figure  8 sro  gh  HO. 

Allied  15V  coal  tar  pitch  ts  used  during  donsifieation  of  all  three 
billets  up  to  the  final  resin  J .pregnaton  stage.  The  ball  and  socket  were  one  it 
processed  through  one  low  presr  ire  rlg.1  iization  cycle,  five  pressure* 
impregnatioi  carbonization  (PI  s cycles  m)  5 k ;r  and  one  final  resin  • ycle  <‘h  > 


Mitt 


Figure  77.  Exit  Cone  Preform  Dimensions,  S/N  2 
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••'.xit.  me  w,  i processed  through  three-low  pressure  impregnation  uy  lies,  three 
-ksI  C cv  lea.,  and  three  resin  impregnations . Ail  graphitl zatlon  runs  were 

0 '? » 

n hal  i and  exit  cone  were  processed  through  densi float  Ion  without,  any 
major  d ; f cutties  or  anona  i 1 es . however,  distortion  of  the  nominal  weave  goome 
try  w is  ai  ..spent  in  the  socket  billet  following  the  initial  atmospheric  ccrbon- 
i?.at.i  >r»,  Upon  skin  machining,  the  circumferential  yarns  on  the  Ob  ware  slumped 

(equally  displacing  the  rad  .tala)  in  the  axial  direction.  The  maximum  amplitude* 
of  the  undulations  was  nearly  I in.  Afte*'  continued  processing,  skin  machining 
revealed  the  anomaly  was  a surface  condition  only,  arid  won  l d not  extend  into  the. 
fiisa.l  *iii*h  i nod  part . The  dial  ortion  was  most  likely  the  result  of  Improper 
preform  framing.  In  addition  t..i  the  distorted  weave  anomaly,  the  sock  ft. 
e xper  i •r**icsv?  {?.*>  c y < .*  1 *r  liui'i  t*K  i f i*4  f t f x, h l!  I i.  i * 1 1 f i ! isf*  c'tirul  t t.  I on.*)  sit 
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Figure  70. 


Exit-  Cone  Preform,  Fiber  Volume  Distribution  at  Rentier: 
(Reference  Figure  77),  S/N  2 
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shutdown  were  approximately  45c  C and  5,000  pal.  The  billet  was  subsequently 
reprocessed  through  another  pressure  carbonization  cycle.  Final  machined 
densities  achieved  were  1.00  g/ec  for  the  ball  ant  socket  and  I .83  g/co  for  the 

exit  <v>m 


Machining  of  the  final  parts  was  done  by  FM I ..  The  finish  machined  ball, 
socket,  and  exit,  on?  ; re  shown  in  Figures  81 , 8?,  and  83,  respectively.  The 
groove  milled  into  the  OD  of  the  socket  was  incorporated  to  accommodate  access 
for  strain  gage  instrumental  ion  during  nozzle  assembly..  fhe  carbon- phenol  io 
overwrap  on  tin*  sonnet  seen  in  Figure  H?  was  added  following  a machining  error 
whereby  the  i-deg  > i ' taper  whs  purr  try  backwards . Hence,  the  OP  at  the  aft  end 
wrf.-i  HVrr:Uir  while  t re*  1 orwruo  e ikI  ees  undersize.  ( erbon  phenol i o was  i , 1 
on  the  socket  , cured  in  place  and  >si»ot  i tied  ■■.•re,  t |y  to  the  s : lot  ft  lose  up 


Figure  79. 


Exit  Cone  Preform,  Finer  Volume  Distribution  at  Section  B-B 
(Reference  Figure  77),  S/N  2 
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view  of  the  1-1/2  stub  Acme  threads  of  the  ball  Is  pictured  in  Figure  fill.  Note 
that  three  to  four  radial  fiber  bundles  are  evident  in  each  thread  form. 


No  hardware  from  the  S/N  1 nozzle  firing  was  salvageable  for  reuse  on 
nozzle  S/N  ?.  The  actuation  system,  steel  nozzle  components  (Including  the 
nozzle  adapter  and  comp!  lance  ri  g),  and  'die  phenol  io  Insulators  were  identical 
to  the  S/N  I counterparts.  The  phenolic  insulators  Including  the  flat- laminated 
carbon- phenolic  1 entering  were  fat  -1  rated  by  Edier  Industries.  Assembly  of  the 
nozzl t:  was  also  performed  by  Edler , Upon  delivery  to  CSD,  the  assembly  was  inte- 
grate! with  the  actual  1cm  system  ar.d  Inst rumenced  with  thermocoupi ea  arid  strain 
gages  , The  locations  or  i.hermoooup  1 ■».**  and  .sire?  ti  gages  are  depleted  In  Fig- 
• 8‘. . The  I nst  rumen t *W  nozzle  and  get  uat  i <m  assembly  is  shown  t ri  Figure  He  . 
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Figure  80.  Exit  Cone  Preform,  Fiber  Volume  Distribution  at  Section  C-C 

(Reference  Figure  '<75,  S/N  2 
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8 . ? C-C  MATERIAL  PROPERTY  TESTING 

FMI  conducted  extensive  mechanical  and  thermal  tag-end  property  testing  on 
the  ball,  socket. . and  exit,  cone  (reference  *> ) . Tire  acquired  property  data  wc< 
reviewed  by  CSD  and  used  to  update  margins  of  aafet)  for  critical  failure  modes . 
Tables  u arid  10  respectively  present  the  thermal  and  tnecha.il  cal  test,  matrix  per- 
formed. The  measured  property  data  indicated  an  insignificant  decrease  in  the 
shear  st.rengt h of  the  socket  free,  that  assumed  In  analysis . A ! 1 other  values 
exceeded  the  assumed  allowables  used  In  analysis.  Table  11  presents  the  revised 
margins  of  safety  (all  of  which  raua  inert  positive)  f;>r  key  failure  modes  updet  e;l 
with  She  irseasured  property  values. 
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Figure  81.  Ball,  7-in.  Hot  Ball  and  Socket  Nozzle  S/N  2 
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Exit.  Cone,  7- in 
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Figure  8i>.  Thermocouple  and  Strain  Gage  Locations,  Nozzle  S/N  2 
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I n.struiiiented  Nozzle  arid  Arina)  ion  A ■ -ml.  i y , Nozzle  S/N 


1 8 1 4S 


Y . ' 1 1 


TABLE  9.  THERMAL  TAG-END  PROPERTY  TEST  MATRIX 
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i! 

Priority 

and 

Test  No. 

Thermal 

Diffusivity, 

70  to  4,500  F 

Type  of  Billet 

Specimen  Location 
in  Billet 

L . 

— 

Specimens 
per  Test 

Bail 

Socket 

Exit 

Cone 

Radial  Axial 

Radial 

Axial 

1 

X 

X 

ID 

Any 

2 

o 

C. 

X 

X 

ID 

Any 

2 

3 

X 

X 

ID 

Any 

2 

4 

X 

X 

ID 

Any 

2 

5 

X 

X 

Mid 

Fwd 

2 

6 

X 

X 

Mid 

Fwd 

2 

8.3  BENCH  TESTING 

Before  the  steel  nozzle  adapter  ring  was  delivered  to  Edler  Industries  for 
final  assembly,  the  steel  nozzle  raock~up  was  assembled  with  the  actuators  for 
actuation  system  checkout  and  verification  as  vans  done  with  nozzle  S/N  1 
(described  in  section  4.1).  Following  checkout  and  disassembly,  the  adapter 
ring  was  shipped  to  Edler  for  final  assembly. 

The  assembled  nozzJe  was  returned  to  CSD  and  bench  tested  with  the  same 
test  fixture  as  was  used  for  nozzle  S/N  1.  The  throat  was  plugged  and  a rubber 
diaphragt  was  fastened  to  the  forward  end  of  the  steel  adapter.  The  cavity 
between  the  diaphragm  and  nozzle  was  pressurized  with  GNp  through  the  throat 
plug  while  the  bench  test  vessel  was  filled  with  water  up  to  tine  diaphragm. 

Difficulties  were  experienced  when  attempting  to  pressurize  the  nozzle  to 
the  full  blowoff  load  expected  during  firing.  The  porosity  of  the  C-C  prevented 
achievement  of  pressure  ^responding  to  loads  higher  than  50$  of  the  blowoff 
load  expected.  The  surface  treatment  provided  an  Improvement  in  reducing  open 
porosity  compared  to  that  experienced  with  nozzle  S/N  1,  but  was  not  sufficient 
to  enable  full  pressurization.  The  open  porosity  Is  essentially  reduced  to  zero 
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at  operating  temperatures;  therefore,  this  la  not  a problem  during  static  fir- 
ing. Success  1 vectoring  was  accomplished  at  the  50$  load  expected  while 
demonstrating  torque  values  predicted  for  those  loads.  Vectoring  was  also 
demonstrated  on  the  lockring  under  the  full  load  of  the  actuators  as  Is  typtoal 
during  prefire  steering  checks. 

8.14  STATIC  TEST  FIRING 
6.4.1  General 

Nozzle  S/N  2 was  static  test  fired  on  20  November  1981,  on  the  SLSH  test 
motor  at  the  Air  Force  Propulsion  Laboratory  (AFRPL)  test  pad  1-52A.  Th®  motor 
was  loaded  with  13,410  lb  of  CSD's  UTP-19,68?  propellant,  a 90$  solids,  20$  alu- 
minum hydroxyl- terminated  polybutadiene  (HTPB)  type  with  12$  cyclotetramethylene 
tetranitramlne  (HMX).  The  igniter,  a phenolic  cartridge  type,  was  in  accordance 
with  CSD  P/N  C00631-07-0 1 . The  design  average  pressure  was  743  paia  over  a 
planned  75-sec  duration.  The  planned  duty  cycle  is  presented  in  Figure  87.  The 
first  thrust  vector  control  (TVC)  event  was  planned  at  5 sec  into  the  firing. 


The  nozzle  was  actuated  by  four  pull-only  actuators  operating  at  a hydrau- 
lic supply  pressure  of  2,000  psi.  The  system  was  controlled  in  a continuous 


till'!'  (MH'i 

Figure  87.  Planned  Puty  Cycle,  Nozzle  S/N  ?. 
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e 1 oaed-  I oop  feedback  con  f'i  gurat  i on  by  two  s irvova  1 vns  , »nR  each  cont.co  I l.  i ng  I, he 
pit.-'b  and  yaw  axis,  and  four  linear-  position  transducers,  each  integ-al  with  an 
actuator.  Two  differential  pressure  transducers  and  t.wo  absolute  pressure  trans- 
ducers monitored  the  actuator  cylinder  pressures  for  determining  torque.  Addi- 
tional j ns t rumen ta t i on  included  two  motor  chamber  pressure  tranduoers , 23 
thermocouples,  18  strain  gages , and  five  movie  cameras.  Facility  limitations 
prevented  acquisition  of  axial  thrust  or  side  force  measurements. 

Ninety  sec  before  ignition,  during  prefire  steering  checks,  the  nozzle 
successfully  performed  the  commanded  trapezoidal  wave  form  in  the  pitch  and  yaw 
axes.  The  nozzle  was  seated  on  the  forward  lockring  at  this  time  under  24,000  Lb 
force  contributed  solely  by  the  pull-only  actuators.  When  the  chamber  pressure 
rose  to  300  psi , the  ball  was  expected  to  shift  from  the  lockring  to  the 

socket,  a distance  of  0.30  in.  From  ignition  to  1,9  see  the  ball  was  seated 

on  the  lock  ring.  At  1.9  sec  into  the  firing,  annular  flow  was  observed  around 
the  ball  as  it  moved  off  the  lockring.  The  flow  was  predominately  over  an 

area  of  180  deg  (0  to  1 80  deg)  as  seen  in  Figure  88.  At  6.0  see,  the  ball 

seated  on  the  socket  and  sealed  off  the  flow  i.n  the  annulus  between  the  ball 
and  socket . Bet. ween  1.9  and  6.6  sec,  the  bail  was  suspended  by  the  actuators 


Mitt*  :i 

' i'.  V tew  mI  Flow  Around  Hi  I I Bet. ween  and  h see,  N < > y,  •/.  I > ■ ,S/d 

BY  164 


10  I 


between  the  ioc!  ring  and  the  socket , allowing  annular  flow.  The  annular 
flow  impinged  on  the  outside  of  the  exit  and  on  the  actuators.  Thermocouple 
and  strain  gage  wires  wr>*«  severed  by  the  flew,  so  no  exit  instrumentation 
data  was  recorded  later  in  firing.  Rubber  insulation  was  partially  peeled  off 
the  actuators.  Plating  of  aluminum  oxide  was  observed  where  the  annular  flow 
impinged  on  the  outside  of  the  exit  and  compliance  ring. 

Table  12  lists  the  sequence  of  events  during  the  ignition  to  6.5  sec  per- 
iod. The  sequence  was  derived  from  analysis  of  the  high-speed  (1,000  frames 
per  sec)  cameras  and  the  other  instrumentation. 

Between  5 and  11  sec  the  first  vector  event  (yaw  plane  + 3 deg)  was 
successfully  accomplished;  however,  torque  values  increased  significantly  as 
the  event  progressed.  The  nozzle  did  not  respond  to  subsequent  commanded 


TABLE  12. 

SEQUENCE  OF  EVENTS,  NOZZLE  S/N  2 (FROM  IGNITION  TO  6.5  SEC.) 

T8277 

Approximate 
Time , 
sec 

Event 

0 

Motor  igniteo 

1.1 

Pc  is  sufficient  to  create  aft  blow-off  load  higher  than 
forward  force  of  actuators 

1.88 

Fir3t.  sign  of  fl  observed  around  ball 

? . 0 

Thermocouples  strain  gages  along  aft  ball  and  exit  cone 

no  longer  functional 

?.3V 

Silicone  rubber  starts  to  peel  away  from  90°  actuator 

'? . 65 

Silicone  rubber  starts  to  peel  away  from  0°  actuator 

4 . 5 

Burst  of  alumina  observed  in  plume  of  "secondary"  flow 

5 , 0 

First  vector  event,  in  yaw  plane  begins 

6.? 

Flew  around  bell  diminishing  (begins  to  seal) 

J 

No  flow  (sealed) 

10? 


o^essu'e  psia 


events . The  measured  torques  after  11  sec  were  of  stall  values  (about 
150,000  In. -lb). 


The  nozzle  remained  intact  for  the  75-sec  duration  while  experiencing  stall 
forces  of  12,000  Ibf  for  single  axis  events  and  17,000  lbr  In  the  cross  axis. 
Chamber  pressure  versus  time  is  plotted  in  Figure  89.  The  maximum  pressure  was 
841  psia,  while  the  average  pressure  was  688  psia  over  the  7H.6-soc  action  time. 
The  ballistic  throat  erosion  rate  was  *1.7  mils/sec.  Significant  data  related  to 
the  test  of  nozzle  S/N  2 is  presented  in  Table  13. 

8.  *1,2  TVC  Data 

Translation  of  the  nozzle  0.30  in.  axially  from  the  lockring  position  to 
the  socket  required  an  eo  al  amount  of  stroke  by  all  four  actuators.  During 
this  period  (within  1 nee  after  ignition)  when  the  blowoff  load  due  to  chamber 
pressure  was  increasing  above  the  forward  load  due  to  the  aotuators  and  the 
thrust  contribution,  the  nozzle  was  in  the  null  position.  Stroking  the  aotuator 
piston  0.30- in.  aft  required  the  displacement  of  1.8  in. 3 of  hydraulic  fluid  from 


Figure  89.  Pressure  vs  Time,  Nozzle  S/N  2 
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TABLE  13.  SIGNIFICANT  DAI  , HOT  BALL  AND  SOCKET  NOZZLE  S/N  2 

78278 


Test  data 

20  November  1981 

Propellant 

90$  solids,  20*  Al,  12$  HMX 

Action  time  (sec) 

74„6 

Maximum  pressure  (psia) 

841 

Average  pressure  (psia) 

668 

Ballistic  throat  erosion  rate  (mils/sec) 

4.7 

Accomplished  TVC  travel  (deg) 

29 

Maximum  vector  angle  (deg) 

3 

each  of  the  four  actuators.  The  two  servovalves  (one  for  each  axis)  were  ot. 
capable  of  instantaneously  displacing  this  volume  while  in  the  null  position 
with  nearly  zero  current  supplied  to  the  servovalve.  The  actuators  were  essen- 
tially experiencing  hydraulic  jock. 

The  flow  capability  of  the  servovalve  Is  a function  of  input  current  as 
presented  In  Figure  00.  The  measured  current  on  the  pitch  and  yaw  servoval ves 
obtained  from  the  test  data  was  0.2‘i  and  0.06  mA,  respectively,  ud  to  the  time 
of  the  first  vector  event  (r*  sec).  The  flow  rate  capability  of  the  two 
servovalves  was  hence  approximately  2 and  O.b  In.  '/sec  for  the  pitch  and  yaw 
axis  respectively  As  chamber  pressure  ami  hence  blowoiT  load  was  increasing, 
the  pressure  In  the  actuator  cylinders  whs  Increasing,  until  at  1.0  sec  the  t»a  1 1 
was  pulled  off  t.  he  look  ring  by  the  actuators.  Before  this  time  the  hall  was 
scaled  and  sealed  on  the  forward  lockring  under  loads  imposed  by  the  actuator'.!. 
As  fluid  was  slowly  relieved,  the  nozzle  stowly  shifted  aft  off  the  lockring. 

The  fact  that  the  pitch  actuators  were  displacing  fluid  approximately  f our  times 
faster-  t han  fix*  yaw  actuators,  amt  the  yaw  plus  actuator  at  <)0  deg  was  experl - 
enc  I ng  hydrau ! 1 c pressures  approximately  l‘»  to  .OS  higher1  than  the  oppos  1 1 c yaw 
minus  act  uat.or,  may  have  ; **d  to  asymmetrical  movement  >f  to*  1,  which  woe.  1 .1 

explain  r he  observed  flow  on  I y from  0 to  IMU  deg  with  the  maximum  <xnn>rri  ng  at 
wi  1 -.leg  . ( -:msi  rlei' lug  t . tw  i leakage  rate  of  tlx*  yaw  servove  1 ve  { 0.  '>  in.-’  se<  • i 
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It  would  have  taken  over  7 sec  to  displace  the  total  3.8  in. 3 of  fluid  had  the 
yaw  axis  not  bean  commanded  throu^i  a vector  event  at  5 see.  .it  this  time  the  ■ 
current  Input  to  the  yaw  servovalve  incrtvised  to  0.6  ®A  significantly  increasing 
the  flow  capability  of  the  valve.  Within  1 aeo  the  flow  around  the  ball  began 
to  diminish.  Plots  of  cylinder  pressure  versus  time  for  each  of  the  four  actua- 
tors are  presented  in  Figures  91  through  9*1*. 

The  first  event  (±3-deg  triangular  wave  form)  at  5 sec  was  accomplished, 
however,  torque  increased  aa  tbs  event  progressed.  The  doubling  of  the  torque 
values  through  this  event  from  !5  to  11  sec  resulted  from  the  alumina  which 
plated  on  the  ball  and  socket  surfaces  durlrg  the  4 sec  of  flow  around  the  bail 
as  evidenced  upon  posttest  disassembly  and  documentary  movies.  A plot  of  torque 
versus  time  is  presented  in  Figure  95. 

The  second  planned  event,  to  8 deg  in  the  pitch  axis  at  15  sec  and  all 
subsequent  vector  events  were  not  achieved.  Stall  torquea  of  150,000  in. -lb 
measured  during;  these  periods  were  attributed  to  the  solidified  alumina  between 
tb"  bull  and  socket.  Tlie  angular  position  achieved  during  each  planned  event  Is 
overlay erf  on  the  planned  duty  cycle  in  Figure  96.  Twenty-seven  degrees  of  the 
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Figure  91.  Pitch  Plus  Cylinder  Pressure  vs  Time.  S/N  2 
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Figure  92.  Pitch  Minus  Cylinder  Pressure  va  Time,  S/N  2 


i 

8 

T 

*• 


* 

“,.8 


Figure  93.  Yaw  Plus  Cylinder  Pressure  va  Time,  S/N  2 
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Figure  iil6.  Hot  t)a.U  unci  Socket  Nozzle  S/N  2 Duty  Cycle, 
Planned  and  Achieve, d 


27220 


planned  162  deg  of  vector  travel  were  accomplished.  Additional  TVC  plots  for 
nozzle  S/N  2 are  presented  in  appendix  A. 


8.  *1.3  Thermocouple  Data 

Twenty- three  thermocouples  were  instrumented  to  the  nozzle  as  shown  in 
Figure  85.  Two  tungsten/rhenium  thermocouples  were  attached  near  the  exit 
plane.  Three  of  the  21  chromel-alumel  types  were  located  on  the  pitch-plus 
actuator  at  0 deg.  Four  were  located  indepth  into  the  socket,  two  indepth  into 
the  lockring,  six  at  the  back  face  of  the  socket  and  lockring,  arid  six  were 
instrumented  along  the  length  of  the  exit  cone  Including  the  compliance  ring. 
Each  of  the  three  axial  .locations  on  the  lockring  and  socket  was  instrumented 
with  a pair  of  thermocouples  180  deg  apart. 


Thermocouples  1 Through  12  (indepth  and  backface  thermocouples  on  the 
lockring  and  socket)  responded  for  the  full  75- sec  duration.  Plots  of  tempera- 
ture versus  time  for  these  12  thermocouples  are  presented  in  Figures  97  through 
100.  The  effect  of  annular  around  the  ball,  for  5 sec,  on  the  thennocoupl e 

109 


*■  ••  * '■■•  ' •-....  '*1  •■  T '••  - - - • • • * •'  • 


f 

.5* 

1 ( 

■ ) 

r 1 

►*1 

n 

"'7  V V I LrKM  I 

t \ \ | ; . n»  '•  n I 

L-A  \ I I/  “7 " 

/'Mil  vS^rarJ 


V**|  » t 

V ft  I I 


m» «i»  «*•  <>»•  CT  M) 


TIME.  - SECONDS 

Figure  99.  Temperature  vs  Time,  TC3 
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response  at  the  lockring  and  /socket  is  apparent  in  the  data.  Higher  tempera- 
tures were  measured  by  thermocouples  1,  3,  5,  1 9,  and  11,  which  were  within 
the  O'--  to  100-deg  area  of  observed  maximum  flow,  than  by  those  at  the  same 
respective  axial  station,  but.  180  deg  away.  As  expected,  the  moot  significant 
difference  within  each  pair  was  for  those  indepth  in  the  sooKet  and  lookring, 

The  two  thennocou,  1 es  (7  and  8)  indepth  into  the  forward  end  of  the  C-C  socket 
rose  significantly  at  2.5  sect  because  of  the  flow  around  the  ball.  TC7  within 
the  180-deg  area  of  flow  rose  to  l,280°F  within  7 sec,  than  dropped  to  920°F 
at  talloff.  TC8,  180  deg  away,  peaked  at  700°F  within  5 sec  and  laeasured  680°F 
at  talloff.  An  overlay  of  the  temperature  time  history  for  TCs  7 and  8 :ls  pre- 
sented in  Figure  109. 

Thermocouples  13  through  20,  along  the  exit,  cone,  were  no  longer  functional 
after  2 aeo  Into  the  firing.  All  of  these  tharmocouplas  were  located  at  either 
0 or  90  deg  (within  the  region  of  flow).  Plots  of  temperature  versus  time  for 
those  eight  thermocouples  are  presented  in  appendix  B. 


Figure  109.  temperature  vn  Time,  In-Depth  Thermocouples  «t 
Poi*wa7\i  End  of  .Socket 


Thermocouples  21  and  22,  located  behind  1/6-in. -think  rubber  on  the  pitch- 
plus  actuates’  cylinder,  and  TC  23  on  the  actuator  shaft  responded  for  the  full 
faring  duration.  This  actuator  was  within  the  region  of  flow  experienced  for 
5 sec.  Temperature  versus  time  for  these  three  thermocouples  is  presented  in 
Figures  110,  111,  and  112.  The  maximum  temperatures  measured  on  the  cylinder 
were  110  and  200°F  for  TCs  21  and  22,  respectively.  TC  22,  further  aft  than 
TC  21,  showed  a rise  of  about  75°F  at  the  time  of  flow  (2  sec)  whereas  TC  21  was 
unaffected.  TC  23  on  the  actuator  shaft  quickly  rose  at  2 sec  to  610°F  before 
dropping,  and  then  rising  again  to  6l0°F  at  tailoff.  These  measured  tempera- 
tures were  not  high  enough  to  have  oauaed  theneal  expansion  binding  of  the 
actuator . 


8 . 4 . i|  Strain  Gages 

Eighteen  strain  gages  (10  hoop  and  eight  axial)  were  instrument ad  to  the 
nozzle  as  shown  in  Figure  85.  Four  hoop  gages  were  Instrumented  on  the  0D  of 
the  lockring  t»d  four  hoop  gages  were  placed  on  .he  socket  0D.  All  ten  gages 
(two  hoop  and  eight  axial)  on  the  exit  cone  were  lost  at  2 sec  because  of 
Impingement  of  the  annular  flow.  Two  gages  on  the  socket  (SG  5 and  6)  were  not 


functional  at  ignition.  Because  of  the  anomalous  events  which  occurred  at  the 
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Figure  110.  Temperature  »s  Time,  TC21 
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beginning  of  the  firing  and  uncertainties  in  the  bearing  geometry  resulting  from 
extensive  alumina  deposition,  clean  interpretation  of  the  data  Is  difficult. 
However,  indications  on  gages  1 through  *4  (Figures  113  to  1 1 6 ) of  the  lookring 
at  2 see  support  the  sequence  of  events  established  fro®  the  TVC  data  and  high 
speed  movies.  Two  gagos  (3  and  4)  on  the  lockring  exhibit  events  at  25,  *47,  and 
60  sec,  when  vectoring  In  the  yaw  plane  was  attempted,  indicating  Interference 
with  the  lockring.  Extensive  deposition  of  alumina  between  the  ball  and  lock- 
ring  found  upon  disassembly  verified  that  interference  did  indeed  occur.  Plots 
of  strain  versus  time  for  strain,  gages  7 to  18  are  presented  in  appendix  B, 


8.4.5  Posttest  Hardware  Assessment 

The  posttest  assembly  is  oompared  to  the  prefiro  condition  in  Figure  i1?„ 
The  fired  nozzle  was  in  very  good  condition  especially  whan  considering  that 
(1)  the  ball  was  subjected  to  nearly  5 sec  of  unexpected  annular  flow  near  th* 
beginning  of  the  firing  and,  (2)  the  exit  cone  was  subjected  to  stall  loads 
Iwnosed  by  the  actuators  dur*  ig  most  of  the  firing  duration.  The  extensive 
al  ilna  ;ri  plated  on  tbs  . utside  of  the  exit  cone  Indicates  the  severity  of 
the  ,7‘?ni.ur  flow  experienced. 
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Figure  113-  Hoop  Strain  vs  Time,  S/C  I (hock ring,  45° 


Figure  116.  Hoop  Strain  vs  Time,  S/G  *1  (Lockring,  315°) 
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The  condition  of  the  posttest  entrance  and  throat  is  presented  in  Figure  118. 

The  entrance  erosion  pattern  was  substantially  improved  from  that  of  nozzle 
S/N  1,  proving  the  effectiveness  of  the  sacrificial  entrance.  In  addition,  the 
sacrificial  entrance  virtually  eliminated  erosion  in  the  splltlirie  region. 

The  posttest  actuation  system  shown  In  Figure  119  shows  the  rubber  insu- 
lation bonded  to  the  actuator  cylinders  partially  burned  away.  The  actuators 
were,,  however,  not  sufficiently  heated  to  be  considered  a contributor  to  the 
high  torque  measured  during  the  firing.  Reuse  of  the  actuators  is  feasible  with 
only  minor  refurbishment.  No.  electrical  wires,  hydraulic  lines  or  other 
associated  actuation  hardware  were  damaged. 

The  nozzle,  after  removal  of  the  actuation  system  and  some  cleaning,  is 
shown  In  Figure  120.  The  steel  adapter  ring,  adaptor  insulator,  compliance  ring 
and  the  exit  aone  are  all  reusable.  0-3*1  graphite  cement  in  the  ball-to-exi t 
threads  prevented  the  exit  from  boing  unscrewed . which  is  normal . Therefore, 

the  ha)  1 was  cut  from  the  e.\*H  forward  of  the  th reach-  to  enable  potential 


tern,  Nozzle*  >S/N 


subsequent  reuse  of  the  exit.  Upon  removal  of  the  ox.i  t eone , the  remaining 
nozzle  components  were  disassembled. 

Two  views  of  the  fired  ball  are  presented  in  Figures  121  and  122.  Note  the 
discoloration,  alumina  deposition  and  wear  patterns  due  to  flow  and  alumina  abra- 
sion that  resulted  from  the  annular  flow  early  in  the  firing.  A close-up  view 
of  the  alumina  deposition  on  the  ball  and  between  the  ball  and  lockring  is 
presented  in  Figure  123-  Another  indication  of  the  severity  of  the  annular  flow 
is  evident  in  Figure  121.  An  eroded  step  can  be  3een  at  the  lower  part  of  the 
ball  (af't  end)  where  the  surface  was  once  conical.  This  damaged  region  extended 
from  0 to  180  deg  only,  with  the  maximum  impingement  at  90  deg  corresponding  to 
the  region  of  maximum  flow  observed  during  the  test. 

An  overall  view  of  the  socket  and  a close-up  of  the  alumina  deposition 
found  on  it  is  shown  in  Figure  1?JI.  The  groove  on  the  OD  of  the  socket  was 
incorporated  for  strain  gage  instrumentation.  A close-up  view  of  the  extensive 
alumina  plating  found  on  the  spherical  surface  of  the  carbon-phenolic  lockring 
is  presented  in  Figure  125.  Because  of  the  increased  gap,  the  lockring  did  not 
swell  into  the  ball,  as  occurred  with  the  pnerolic  lockring  of  the  .subsea le 
nozzle.  The  socket  may  also  be  reusable  with  minor  refurbishment. 
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Figure  125.  Close-Up  View  of  Alumina  Deposition  on  the  Lockring, 

Nozzle  S/N  2 
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Two  views  of  the  exit  cone  with  the  aft  portion  of  the  ball  still  threaded 
to  the  cone  are  shown  In  Figure  126.  The  exit  cone  was  in  excellent  condition 
and  is  reusable  after  machining  off  the  xnaining  aft  bail. 

The  measured  nozzle  erosion  profile  is  presented  if.  Figure  12?.. 
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igur-e  127.  Postfire  Erosion  Profile,  Nozzle  S/N 


9-0  OBSERVATION.'j/CONCLUSIOHS 


At  the  start  of  this  program  the  hot  ball  and  socket  (HBS)  integral  nozzle 
and  thrust  vector  control  (TVC)  system  had  been  established  as  state-of-the-art 
in  tactical  size  by  the  completely  successful  test  of  a 2~in.  throat  diameter, 
15-d®g  nozzle  for  the  Naval  Surface  Weapons  Center  (NSWC).  Despite  significant 
scale-up  challenges,  great  strides  have  been  made  with  only  two  large  test  fir- 
ings toward  the  goal  of  providing  an  improved,  simple,  and  reliable  TVC  system 
to  allow  advancements  in  future  large  motor  propulsion  systems-  It  is  apparent 
from  lack  of  complete  success  in  large  motors  that  further  development  is 
warranted. 

It  is  probable  thrt  7-in.  nozzle  S/N  2 would  have  been  lOOJt  successful, 
as  evidenced  by  the  posttest  condition,  had  the  associated  actuators  been 
modified  to  How  immediate  seating  of  the  ball  on  the  socket.  The  problems 
assoeiat  1 with  nozzle  S/N  2 are  summarized  as  follows: 

• The  actuation  system  was  unable  to  instantaneously  relieve  hydraulic 
fluid  from  the  actuator  cylinders,  and  prevented  the  bail  from 
translating  0. 30-in*  and  sealing  on  the  socket  for  about  5 sec 

• During  nearly  b sec  of  annular  flow  around  the  ball,  aluminum  oxide 
liberally  plated  on  the  ball,  socket  ani  lockring 

® The  aluminum  oxide  ‘olidifled  after  one  successful  vector  event, 
stalling  the  system. 

The  problems  associated  with  nozzle  S/N  1 were  primarily  attribute)  to 
Inadequacies  in  the  3D  carbon-carbon  (C-C)  exit  cone  material . Fabrication  of 
this  cone , the  large  t ever  of  its  kind,  was  a major  undertaking  four  years  ago. 
Since  that  time,  as  deornst  rated  by  nozzle  S/N  2,  great,  improvements  have  been 
made-  Large  *D  C-C  exit  cones  are  v v state-of-the-art . 


10.0  ACCOMPLISHMENTS 


Significant  accomplishments  under  this  program  include: 


Demonstration  of  the  capability  of  a large  (7-in.  Dt)  HAS  nozzle  to 
survive  the  severe  thermal/structural  environment  associated  with 
advanced  upper  stage  test  conditions 

Demonstration  of  the  tenacity  of  3D  C-C  as  evidenced  by  survival  in  ar» 
unexpectedly  adverse  environment  during  the  5-sea  of  annular  flow 
around  the  ball,  and  under  subsequent  stall  forces  experienoed  during 
the  remaining  planned  duration 

Demonstration  of  a large  C-C  ball  and  socket  to  provide  a non-leaking 
interface  once  seated 

Demonstration  of  the  effectiveness  of  the  sacrificial  entrance  to 
reduoe  entrance  and  splitline  erosion. 


In  addition  to  these  demonstrated  accomplishments,  si  .^nifioant  knowledge 
and  experience  was  acquired  under  this  program  relevant  to  the  design  of 
carbon-carbon  (C-C)  nozzles.  Although  the  experience  gained  is  applicable  to 
C-C  nozzles  in  general,  the  benefits  are  particularly  associated  with  C-C  TVC 
nozzles.  As  a result  of  the  partial  failure  of  nozzle  S/N  1,  attention  was 
focused  on  several  key  design  elements  which  may  have  not  been  considered 
otherwise.  Included  were: 
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desirable  to  enhance  reliability  thereby  alleviating;  the  potential  for  problems 
such  as  thermal  expansion  induced  stresses  typical  of  a non-hoaogeneous  inter- 
face . An  extensive  study  of  non- threaded  joints  was  also  conducted  (refer- 
ence 3).  The  alternatives  evaluated  were  not  found  to  offer  an  overall  advan- 
tage to  the  7-in.  hot  ball  and  aookat  nozzle  design  but  may  be  advantageous 
under  a different  set  o conditions. 


Excessive  splitline  entranoe  erosion  aa  associated  with  nozzle  S/N  1 was 
corrected  with  the  incorporation  of  a "sacrificial  entrance5*  whioh  inhibited 
direct  Impingement  and  subsequent  erosion  in  the  aplitline,  By  contour  control- 
ling the  entrance,  a separated  flow  region  was  created  providing  reciroulation 
of  flow.  This  experience  can  ba  applied  to  any  future  nozzias  where  ooncern 
about  entranoe  split.line  erosion  exists. 


Due  to  the  hoop  tonsil  ■;  failure  of  the  S/N  1 socket,  several  modifications 
improving  this  region  were  implemented.  The  structurally  critical  socket  was 
changed  from  the  previous  conical  frvstra  design  to  a more  reliable  hi  $h  hoop 
fraction  cylindrical  construction,  thereby  providing  a construction  of  more 
predictable  characteristic®.  Also,  ramp  retention  and  tighter  to!«ranoes  on 
the  OD  of  the  socket  were  incorporated. 


Other  areas  of  knowledge  which  were  enhanced  by  this  program  include  C-C 
property  testing  and  instrumentation.  Extensive  tag-end  property  testing  of  the 
3-D  C-C  ball,  socket  and  exit  cone  provided  further  structural  and  thermal  data 
needed  and  desired  by  analysts.  This  work  also  provided  an  opportunity  to 
refine  tsat  methods  and  data  interpretation  for  the  complex  C-C  material. 

Instrumentation  of  large  nozzles  was  advanced  with  the  imple  flotation  of 
1 adept.*)  thermocouples  in  nozzle  S/N  2.  The  quality  of  data  was  supri singly  goou 
with  no  adv\  rse  effects  o * nozzle  performance. 
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11.0  RECOMMENDATIONS 

Since  the  problems  with  nozz  e S/N  2 were  attributed  only  to  the  actuation 
system,  the  design  modifications  recommended  to  subsequently  ensure  a completely 
successful  large  motor  demonstration  are  f censed  on  the  actuation  system. 
Modification  of  the  actuators  to  provide  an  aft  biased  load  would  enable  uhe 
ball  to  be  seated  aft  on  the  socket  at  ignition,  eliminating  the  proble  s 
associated  with  axial  translation.  By  maintaining  a p dtive  load  on  the 
socket,  the  forward  lookring  previously  required  for  pre-ignition  steering 
checks  can  be  eliminated.  An  advantage  recognized  by  the  removal  of  the 
lockring  is  that  there  is  no  longer  a small  ga  it  the  forward  end  susceptible 
to  aeeuwoul&tion  of  aluminum  oxide.  Increasing  the  annular  space  around  the 
ball  will  allow  rapid  heating  of  the  surfaces,  preventing  aluminum  oxide  deposi- 
tion an  occurred  on  '.he  previous  cooler,  insulated  surfaces,  The  suggested 
nozzle  redesign  incorporating  these  improvements  in  the  splitllue  is  presented 
in  Figure  128.  Mote  that  the  recommended  improvements  further  simplify  the 
system. 

The  recommended  modification  of  the  existing  actuators  is  presented  in 
Figure  129.  The  modification  requires  the  incorporation  of  glands  to  enable 
sealing  and  pressurization  of  the  cavity  on  the  push  side  of  the  piston  with 
nitrogen  gas.  By  pressurizing  GHp  slightly  higher  than  the  hydraulic  pressure 
on  the  pull  side  of  the  piston,  an  eft  bias  load  is  created,  maintaining  a 
positive  seat  of  the  ball  on  the  socket.  It  is  recognized  that  torque  will  be 
slightly  increased  with  the  aft  bias  load  of  the  actuators.  However,  devel- 
opment of  the  blowoff  lead  as  chamber  pressure  rises  cam  be  sensed,  arid  the  GN? 
ran  be  bled  out,  returning  >he  actuators  to  a pull -only  mode  so  that  there  is  no 
Increase  in  torque  during  motor  operation. 

Most  of  the  hardware  used  for  nozzl e S/H  2,  including  the  exit  cons,  can  be 
reused  far  discussed  in  section  8.4.5)  for  a cost  effective , fully  successful 
firing  of  a third  large  nozzle. 
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ADDITIONAL  TVC 
DATA  PLOTS 
NOZZLE  S/N  2 
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Figure  A -1. 
Figure  A~2. 
Figure  A-3 • 
Figure  A-4. 
Figure  A~5. 
Figure  A-6. 
Figure  A-7. 
Figure  A-S. 
Figure  A~9. 
Figure  A- 10. 
Figure  A~1 1 „ 
Figure  A- 12. 
Figure  A-13* 
Figure  A-14. 
Figure  A — 1 5 - 


Yaw  Cosjnumd  wjus  Time 

Yaw  Cownand  Monitor  veraus  Time 

Yaw  Position  versus  Time 

Yaw  Plus  Pot  Voltage  veraua  Time 

Yaw  Minus  Pot  Voltage  veraua  Time 

Yaw  3ervovalve  Current  versus  Time 

Pitch  Command  veraua  Time 

Pitoh  Command  Monitor  veraua  Time 

Pitch  Position  versus  Time 

Pitch  Plus  Pot  Voltage  versus  Time 

Pitch  Minus  Pot  Voltage  versus  Time 

Pitch  Servovalve  Current  versus  Time 

Pitoh  Torque  versus  Time 

Axial  Position  versus  Time 

Hydraulic  Supply  Flow  Rate  veraua  Time 
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Figure  A-3.  Yav  Position  vs  Time 
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Figur*  A-5.  Ysw  Minus  Pot  Voltagw  vs  Time 
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Appendix  B 


ADDITIONAL  MEASURED  STRAW  VS  TIMS  PLOTS 
ANT  TEMPERATURE  VS  TIME  PLOTS , NOZZLE  S/N  2 
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Figure  B-1.  Thermoooupie  «?\d.  Strain  Gage  Locations  Moszlft  S/M  2 


Figure  B-2. 


Figure  fi~3- 


Figure  B-4. 


Figure  B-fj, 


Figure  0-6. 


Figure  B-7- 


Figure  B-8. 


Figure  B-9. 


Figure  fi-10. 
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Figure  B-1 2 


Figure  B--13* 


Figure  B«'l4. 


Figure  5-15. 


Figure  B-16- 


Figure  B'- 1 7 . 


Figure  B-18. 


Figure  B-19. 


Figure  B~20. 


Figure  B-21. 
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Strain  versus  Time,  S/G  7 
Strain  versus  Time,  S/G  8 
Strain  versus  Time,  3/0  9 
Strain  versus  Time,  S/G  10 
Strain  versus  Time,  S/G  11 
•Strain  versus  Time,  S/G  12 
Strain  versus  Time,  S/G  13 
Strain  versus  Time,  S/G  14 
Strain  versus  Time,  S/G  15 
Strain  versus  Time,  S/G  16 
Strain  versus  Tims,  S/G  17 
Strain  versus  Time,  S/G  hi 
Temperature  versus?  Tims , TC  13 
Temperature  versus  Time,  TC  1 4 
Temperature  versus  .i.une,  TC  15 
Temperature  versus  Tiiae,  TC  16 
Temperature  versus  Time,  TC  17 
Temperature  versus  Time,  TC  1 8 
Temperature  versus  Time,  TC  19 
Temperature  versus  Time,  TC  20 
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Figure  E-?„  Strain  vs  Tim©  S/G  '• 
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Figure  B-7.  Strain  va  Time  S/0  12 
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Figure  B-8.  Strain  va  Time  S/G  13 
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Figure  B-9.  Strain  vs  Tim®  3/0  19 
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Figure  B-  Strain  vt  Tim®  S/O  15 
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Figure  0-21,  Temperature  vs  Time,  TC.  20 
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